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Sir Francis Bacon ‘ 


1561-1626 

Irancis Bacon was one of the first great enthusiasts of science. 
Science, in his view, not only could but should benefit the life of 
man. He explained and extolled scientific method. He pointed the 
way to the control of nature. He tried to convince his fellow men 
that they could understand how the world worked, and thereby five 
‘like kings.” Men have always wanted to five like kings, and they 
listened to Bacon. 

Tfie Sphinx is a fable. It is not always wise to say much about a 
fable. It should be read and pondered. There is much to think about 
in the following selection. Bacon himself draws many conclusions 
from his own fable. It could be left at that. 

But it is worth remarking that Bacon says that “of the Sphinx’s 
riddles there are in all two kinds: one coriceming the nature of 
things, another concerning the nature of man.” When these words 
were written — the early seventeenth century — both kinds of riddles 
may have seemed equally soluble. But is there not evidence that the 
one kind is much more difficult than the other? 

As to “the nature of things,” we cannot help recognizing that 
much progress has been made in the 350 years since Bacon wrote. 
His M’ildest dreams have been realized, and more. Men five now as 
no king could have inmgined living then. 

But as to “the nature of man,” how much does the modem age 
know which Bacon did not know? Or has it even forgotten some 
things that seemed clear and obvious to him? That is another ques- 
tion. 

’ For a biography of Sir Francis Bacon, see Vol. 5, pp. 90-99, in this set. For other 
works by B.icon in this sot, see \'ol 5, pp. 94-98, Vol. 7, pp. 3-27; Vol. 10, pp. 
346-360. See also Great Books of the Western World, Vol. 30. 
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The Sphinx 


says the story, was a monster combining many shapes 
in one. She had the face and voice of a virgin, the wings of a bird, the 
claws of a griffin. She dwelt on the ridge of a mountain near Thebes and in- 
fested the roads, lying in ambush for travellers, whom she would suddenly 
attack and lay hold of; and when she had mastered them, she pro- 
pounded to them certain dmk and perplexing riddles, which she was 
thought to have obtained from the Muses. And if the wretched captives 
could not at once solve and interpret the same, as they stocxl hesitating 
and confused she cruelly tore them to pieces. Time bringing no abate- 
ment of the calamity, the Thebans offered to any man who should ex- 
pound the Sphinx's riddles (for this was the only way to subdue her) the 
sovereignly of Thebes as his reward. The greatness of the prize induced 
Oedipus, a man of wisdom and penetration, but lame from wounds in his 
feet, to accept the condition and make the trial: who presenting himself 
full of confidence and alacrity before the Spliinx, and being asked what 
kind of animal it was which was bom four-footed, afterwards became 
two-footed, then three-footed, and at last four-foote^d again, answered 
readily that it was man; who at his birtli and during his infancy sprawls 
on all fours, hardly attempting to creep, in a little while walks upright on 
two feet; in later years leans on a walking-stick and so goes as it were on 
three; and at last in extreme age and decrepitude, his sinews all failing, 
sinks into a quadnipcd again, and kc^eps his bed. This was the right an- 
swer and gave him the victory; whereupon lie slew tlie Sphinx; whose 
body was put on the back of an ass and carried about in triumph; wliile 
himself was made according to compact king of Thebes. 

The fable is an elegant and a wise one, invented apparently in allusion 
to Science; especially in its application to practical life. Science, being 
the wonder of the ignorant and unskilful, may be not absurdly called a 
monst(*r. In figure and aspect it is represented as many-shaped, in al- 
lusion to the immense variety of matter with which it deals. It is said to 


2 



THE SPHINX 


3 

have the face and voice of a woman, in respect of its beauty and facility 
of utterance. Wings are added becatise the sciences and the discoveries 
of science spread and fly abroad in an instant; the communication of 
knowledge being like that of one candle with another, which lights up at 
once. Claws, sharp and hooked, are ascribed to it with great elegance, 
because the axioms and arguments of science penetrate and hold fast the 
mind, so that it has no means of evasion or escape; a point which the 
sacred philosopher also noted: The words of the wise are as goads, and 
as nails driven deep in. Again, all knowledge may be regarded as having 
its station on the heights of mountains; for it is deservedly esteemed a 
thing sublime and lofty, which looks down upon ignorance as from an 
eminence, and has moreover a spacious prospect on every side, such as 
we find on hill-tops. It is described as infesting the roads, because at 
every tium in the journey or pilgrimage of human life, matter and occa- 
sion for study assails and encounters us. Again Sphinx proposes to men a 
variety of hard questions and riddles which she received from the Muses. 
In these, while they remain with the Muses, there is probably no cruelty; 
for so long as the objec^t of meditation and inquiry is merely to know, 
the understanding is not oppressed or straitened by it, but is free to 
wander and expatiate, and finds in tlie very uncertainty of conclusion and 
variety of choice a certain pleasure and delight; but when they pass from 
the Muses to Spliinx, that is from c'ontemplation to practice, whereby 
there is necessity for present action, choice, and decision, then they begin 
to be painful and cruel; and unless they be solved and disposed of they 
strangely torment and worry the mind, pulling it fust this way and tlien 
that, and fairly tearing it to pieces. Moreover the iiddles of the Sphinx 
have always a twofold condition attached to tliem; distraction and lacera- 
tion of mind, if you hiil to solve them; if you succeed, a kingdom. For 
he who understands his subject is master of his end; and e\ cry workman 
is king over liis work. 

Now of the Sphinx’s riddles there are in all two kinds: one concerning 
the nature of things, another concerning the nature of man; and in b‘ke 
manner there are two kinds of kingdom offered as the reward of solving 
them: one over nature, and the other over man. For the command over 
things natural— over bodies, medicines, mechanical powers, and infinite 
other of the kind — is the one proper and ultimate end of true natural phi- 
losophy; however the philosophy of the school, content with what it finds, 
and swelling with talk, may neglect or spurn the search after realities and 
works. But the riddle proposed to Oedipus, by ihe solution of which he 
became king of Thebes, related to the nature of man; for whoever has a 
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thorough insight into the nature of man may shape his fortune almost as 
he will, and is bom for empire; as was well declared concerning the arts 
of the Romans — 

Be thine the art, 

O Rome, with government to rule the nations. 

And to know whom to spare and whom to abate. 

And settle the condition of the world. 

And therefore it fell out happily that Augustus Caesar, whether on pur- 
pose or by chance, used a Sphinx for his seal. For he certainly excelled in 
the art of politics if ever man did, and succeeded in the course of his life 
in solving most happily a gieat many new riddles concerning the nature 
of man, which if he had not dexterously and readily answered he would 
many times have been in imminent danger of destruction. The fable adds 
very prettily that when the Sphinx was subdued, her body was laid on 
the back of an ass: for there is nothing so subtle and abstnise, but when 
it is once thoroughly understood and published to the world, even a dull 
wit can carry it. Nor is that other point to be passed over, that th<‘ Sphinx 
was subdued by a lame man with club feet, for men generally proceed 
too fast and in too great a hurry to (he solution of the Sphinx’s nddles, 
whence it follows that the Sphinx has the better of them, and instead of 
obtaining the sovereignty by works and effects, they only distract and 
worry their minds with disputations. 


The foregoing essay is 

from Francis Bacons wisdom of the ancients. 



John Tyndall 

1820-1893 


fJLhn Tyndall was born in Ireland in 1820, and though in his 
childhood he attended the village school, he was largely self-edu- 
cated. He became interested in surveying, started out by carrying 
the ohf.i • for a surveying group, and in a few years was in charge of 
it. He made maps and worked out complicated calculations, in the 
process practicing his mathematics, for which he had a flair. He then 
took a job as a railroad builder. After three years of this he went to 
England, where he found a position as a teacher of science at a 
provincial college. He had saved four hundred pounds, and now, at 
the age of twenty-eight, he set out for Marburg University, in Ger- 
many. There he exerted himself to the utmost. After a year, he was 
made assistant to Bunsen, the great chemist, and at the end of 
the second year, he received his doctorate. 

In 1853, after returning to England, Tyndall >vas appointed pro- 
fessor of physics at the Royal Institution, on the recommenda- 
tion of Faraday. He held the position for the rest of his life. 

Tyndall’s most important investigations were probably in the the- 
ory of heat. His book. Heat Considered as a Mode of Motion ( 1863), 
had great influence. It was tlie first popular exposition of the me- 
chanical theory of heat. He also did work in many other areas of 
science, particularly in meteorology. Among other experiments was 
one in which he explained why the sky is blue. But it is likely that he 
was more distinguished for his exp 'sition of the work of other men 
than for original researches of his own. His “Belfast Address” 
( 1874 ) , in which he surveyed the entire course of nineteenth-century 
scientific discovery, was a model of clarity and comprehensibility. 
He died on December 4, 1893. 
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John Tyndall 


TTyndall was extremely close to Faraday, both as colleague and 
friend. Faraday continued to do active work at tlie Royal Institution 
for several years after Tyndall arrived there. Even after liis retire- 
ment, Faraday would often visit the laboratory and attend the 
Friday Evening Discourses — a weekly program of popular lectures 
on science which Faraday had started years before. Faraday died in 
August, 1867, and four months later, Tyndall gave a memorial dis- 
course on “Faraday as Scientist and Man.” This was published in 
1868 under the title Faraday as a Discoverer, and the following 
selection consists of its first three chapters. 

“It is not my intention,” Tyndall says, “to lay before you a life of 
Faraday in the ordinary acceptation of the term. The duty I have to 
perform is to give you some notion of what he has done in the 
world.” The subject as stated was an immense one. Not only did 
Faraday rise from the humblest beginnings. Not only was his main 
research undertaken in an area — electromagnetism — which has 
proved to be fruitful beyond the wildest expectations. And not only 
was he so extraordinarily gifted that he produced important and 
original results in almost every field he entered. But “taking him for 
all in all,” Tyndall concludes, “I think it will be ^conceded that 
Michael Faraday was the greatest experimental philosopher the 
world has ever seen.”' Hence, Faraday as the subject of even a 
limited biography would seem to present almost insuperable ob- 
stacles. 

Tyndall was, however, highly gifted himself, and in exactly the 
respects that were most necessary for the completion of his task. It 
goes without saying that he understood Faraday’s work. He also had 
a facility for explaining it, which is evident in the selection that fol- 
lows. Above all, he knew and loved Faraday. There seems to be no 
doubt that his knowledge and love were important elements in the 
success of the book. 

Tyndall’s Faraday as a Discoverer bears comparison in many re- 
spects with Eve Curie’s Madame Curie.^ Both biographers were pre- 
sented with similar problems, for few experimentalists can rank with 
Faraday with as much justice as Marie Curie. And both biographers 
seem to have made the same decision as to how to proc'eed. Both 


* See Vol. 8 , pp. 32-42, in thik m*. 



John Tyndall 7 

added nodiing to the facts; both claimed that nothing except the 
facts was necessary to make a fascinating story. And both drew 
analogies from the world of nature itself, in an attempt to explicate 
their subjects. 

“Nature, not education, rendered Faraday strong and refined,” 
Tyndall writes. “A favorite experiment of his own was representative 
of himself. He loved to show that water in crystallizing excluded 
all foreign ingredients, however intimately they might be mixed 
with it. Out of acids, alkalis, or saline solutions, the crystal came 
sweet and pure. By some such natural process in the formation 
of this man, beauty and nobleness coalesced, to the exclusion of 
everything vulgar and low.” 



Michael Faraday 

from Faraday as a Discoverer 


has been thought desirable to give you and the world some image 
of Michael Faraday as a scientific investigator and discoverer. The at- 
tempt to respond to this desire has been to me a labour of difficulty, if 
also a labour of love. For however well acquainted I may be with the 
researches and discoveries of that great master, however numerous the 
illustrations which occur to me of the loftiness of Faraday’s character and 
tlie beauty of his life — still to grasp him and his researches as a whole; to 
seize upon the ideas whic h guided liim, and connected them; to gain en- 
trance into that strong and active brain, and read from it the riddle of the 
world — this is a work not easy of performance, and alPbut impossible 
amid the distraction of ejuties of another kind. That I should at one pe- 
riod or another speak to you regarding Faraday and his work is natural, 
if not inevitable; but I did not expect to be called upon to speak so soon. 
Still the bare suggestion that this is the fit and proper time for speech 
sent me immediately to my task; from it I have retumed with such results 
as I could gather, and also with the wish that those results were more 
worthy than they are of the greatness of my theme. 

It is not my intention to lay before you a life of Faraday in the ordinary 
acceptation of the term. ITie duty I have to perform is to give you some 
notion of what he has done in the world, dwelling incidentally on the 
spirit in which his work was executed, and introducing such personal 
traits as may be necessary to the completion of your picture of the phi- 
lofiopher, though by no means adequate to give you a complete idea of 
the man. 

The newspapers have already informed you that Michael Faraday was 
born at Newington Butts, on September 22, 1791, and tlrnt he died at 
Hampton Court, on August 25, 1867. Believing, as I do, in the general 
truth of the doctrine of hereditary transmission — sharing the opinion of 

8 
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Mr. Carlyle, that “a really able man never proceeded from entirely stupid 
parents” — I once used the privilege of my intimacy with Mr. Faraday to 
ask him whether his parents showed any signs of unusual ability. He 
could remember none. His father, I believe, was a great suflFerer during 
the latter years of his life, and this might have masked whatever intellec- 
tiial power he possessed. When thirteen years old, that is to say in 1804, 
Faraday was apprenticed to a bookseller and bookbinder in Blandford 
Street, Manchester Square; here he spent eight years of his life, after 
which he worked as a journeyman elsewhere. 

You have also heard the account of Faraday’s first contact with the 
Royal Institution; that he was introduced by one of the members to Sir 
Humphry Davy’s last lectures, that he took notes of those lectures, wrote 
tliem fairly out, and sent them to Davy, entreating him at the same time 
to enable him to quit trade, which he detested, ^nd to pursue science, 
which he loved. Davy was helpful to the young man, and this should 
never b^ forgotten; he at once WTOte to Faraday, and afterwards, when 
an opportunity occurred, made him his assistant.^ Mr. Gassiot has lately 
favoured me with the following reminiscence of tliis time; 

Clapham Common, Surrey 
November 28, 1867 

My Dear Tyndall — Sir H. Davy was accustomed to call on the late 
Mr. Pepys, in the Poultry, on his way to the London Institution, of which 
Pejoys was one of the original managers. The latter told me that on one 
occasion Sir H. Davy, showing him a letter, said: “Pepys, what am I to 
do, here is a letter from a young man named Faraday; he has been at- 
tending my lectures, and wants me to give him emplo^ ment at the Royal 
Institution. What can I do?” “Do?” replied Pepys, “put him to wash bot- 
tles; if he is good for anything he will do it direclly, if he refuses he is 
good for nothing.” “No, no,” replied Da\y, “we must try him with some- 
thing better than that.” The result was that Davy engaged him to assist 
in the Laboratory at weekly wages. 


1, Here is Da\ys recommendation of Faradav. presented to the managers of the 
Royal Institution, at a meeting on the 18th of March, 1813, Charles Hatchett, Esq., 
in the chair: 

“Sir Humphry Davy has the honour to inform the managers that he has found a 
person who is desirous to occupy the s lation in the Institution lately filled by 
William Pavme. His name is Michael haniday. He is a youth of twenty'-two 
years of age. As far as Sir H. Davy has been able to observe or ascertain, he 
appears well fitted for the situation. His habits seem good; his diswsition active 
and cheerful, and his manner intelligent. He is willing to engage himself on the 
same terms as given to Mr. Pa>me at the time of quilting the Institution. 

**Resolved — That Michael Faraday be engaged to fill the situation lately 
occupied by Mr. Pavne, on tlie same tcnn.s.” 
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Davy held the joint oflBce of Professor of Chemistry and Director of the 
Laboratory; he ultimately gave up tlie former to tlie late Professor 
Brande, but he insisted that Faraday should be appointed Director of the 
Laboratory, and, as Faraday told me, this enabled him on subsequent 
occasions to hold a definite position in the Institution, in which he was 
always supported by Davy. I believe he held that office to the last. 

Believe me, my dear Tyndall, yours truly, 

/. P. Gassiot 

From a letter written by Faraday himself soon aft('r his appointment 
as Davy’s assistant, I extract the following account of his introduction to 
the Royal Institution: 

London, Sept. 13, 1813 

As for myself, I am absent (from home) nearly day and night, except 
occasional calls, and it is likely shall shortly be absent entirely, but this 
(having nothing more to say, and at the request of my mother) I will 
explain to you. I was fonnerly a bookseller ami binder, hut am now 
turned philosopher,* which happened thus: Whilst an apprentice, I, for 
amusement, learnt a little chemistry and odier parts of philosophy, and 
felt an eager desire to proceed in that way further. After being a journey- 
man for six months, under a disagreeable master, I gave up mv husin(\ss, 
and through the interest of a Sir H. Davy, filled the situation of chemical 
assistant to the Royal Institution of Great Britain, in which office I now 
remain; and where I am constantly employed in observing the works of 
nature, and tracing the manner in which she directs the order and ar- 
rangement of the world. 1 have lately had propos,ils made to me by Sir 
Humphry Davy to accompany him in his travels tlirough Kurope and 
Asia, as philosophical assistant. If I go at all I expect it will be in Octolx*! 
next — about the end; and my absence from home will perhaps !)c as long 
as three years. But as yet all is uncerhiin. 

This account is supplemented by the following letter, written by 
Faraday to his friend De la Rive,® on the oc'casion of the death of Mrs. 
Marcet. The letter is dated September 2, 1858: 

My Dear Friend — ^Your .subject interested me deeply cv^ry way; for 
Mrs. Marcet was a good friend to me, as she must have bcei) to many of 
the human race. 1 entered the shop of a Ixxikscllcr and bookbinder at the 
age of thirteen, in the year 1804, remained there eight years^ and during 
the chief part of my time bound books. Now it was in tliose iKioks, in the 
hours after work, that I found the beginning of my philosophy. There 

2. Faraday loved this word and employed it to the last; he had an intense dislike 
to the modem term physicist. 

3. To whom I am indebted for a eopy of the original letter. 
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were two that especially helped me, the Encyclojyaedia Britannica, from 
which I gained my first notions of electricity, and Mrs. Marcet s Conver- 
sation on Chemistry, which gave me my foundation in that science. 

Do not suppose that I was a very deep thinker, or was marked as a 
precocious person. I was a very lively imaginative person, and could be- 
h'eve in the Arabian Nights as easily as in the Encyclopaedia. But facts 
were important to me, and saved me. I could trust a fact, and always 
cross-examined an assertion. So when I questioned Mrs. Marcet's book by 
such little experiments as I could find means to perform, and found it tine 
to the facts as I could understand them, I felt that I had got hold of an 
anchor in chemical knowledge, and clung fast to it. Thence my deep 
veneration for Mrs. Marcet — first as one who had conferred great per- 
sonal good and pleasure on me; and then as one able to convey the truth 
and principle of those boundless fields of knowledge which concern natu- 
ral tilings to the young, untaught, and inquiring mind. 

You may imagine my delight when I came to know Mrs. Marcet per- 
sonally; how often I cast my thoughts backward, delighting to connect 
tho a!«d the present; how often, when sending a paper to her as a 
thank offering, I thought of my first instructress, and such like thoughts 
wiU remain with me. 

1 have some such thoughts even as regards tjour own father; who was, 

1 may say, the first who personally at Geneva, and afterwards by cor- 
respondence, encouraged, and by that sustained me. 

Twelve or thirteen years ago Mr. Faraday and myself quitted the 
Institution one evening together, to pay a visit to our friend Grove in 
Baker Street. lie took iny arm at the door, and, pressing it to his side in 
his warm genial way, said, “Come, I’yndall, I will now show you some- 
thing that will interest you." We walked northwards, passed the house 
of Mr. Babbage, wliieh drew forth a reference to tlie famous evening 
parties once assembk'd there. We reached Blandford Street, and after a 
little l<x)king about he paused before a stationer s shop, and then went in. 
On entering the shop, liis usual animation seemed doubled; he looked 
rapidly at everj^thing it contained. To tlie loft on entering was a door, 
through which he looked down into a little room, with a window in front 
facing Blandford Street. Drawing me towards liim, he said eagerly, “Look 
there, Tyndall, that was my wwkiiig place. I boimd books in tliat little 
nook." A resptK'table-looking woman .tood beliind the counter: his con- 
versation with me w'’as too low to be heard by her, and he now turned to 
the counter to buy some cards as an excuse for our being there. He asked 
the woman her name— her predecessor’s name— his predecessor’s name. 
‘That won’t do,” he said, with good-humoured impatience; “who was his 



12 John Tymlall 

predecessor?” “Mr. Riebau,” she replied, and immediately added, as if 
suddenly recollecting herself, “lie, sir, was the master of Sir Charles Far- 
aday.” "'Nonsense!” he responded, “there is no such person.” Great was 
her delight when I told her the name of her visitor; but she assured me 
that as soon as she saw him running about the shop, she felt — though she 
did not know why — that it must be “Sir Charles Faraday.” 

Faraday did, as you know, accompany Davy to Rome; he was re- 
engaged by the managers of the Royal Institution on May 15, 1815. Here 
he made rapid progress in chemistry, and after a time was entrusted 
with easy analyses by Davy. In those days the Royal Institution pub- 
lished The Quarterly Journal of Science, the precursor of our own Pro- 
ceedings. Faraday s first conlribiition to science appeared in that journal 
in 1816. It was an analysis of some caustic lime from Tuscany, which had 
been sent to Davy by the Duchess of Montrose. Between this period and 
1818 various notes and short papers were published by Faraday. In 1818 
he experimented upon “sounding flames.” Professor Auguste Dc la Rive 
had investigated those sounding flam(‘S, and had applied to them an ex- 
planation which completely accounttKl for a class of sounds discovered 
by himself, but did not account for those known to his predecessors. By 
a few simple and conclusive experimimts, Faraday proxed the explana- 
tion insuflRcient. It is an epoch in the lif(‘ of a young man when he finds 
himself correcting a person of eminenc e, and in Faraday's ease, where its 
eflFect was to develop a modest self-tiust, such an event could not fail to 
act profitably. 

From time to time between 1818 and 1820 P’araday published scientific 
notes and notices of minor weight. At tliis time he was acepuring, not pro- 
ducing; working hard for his master and storing and stre^ngthening his 
own mind. He assisted Mr. Braude in his Ic^clurc's, and so cjuictly, skjUully, 
and modestly was his work done, that Mr. Branded’s vocation at the' time 
was pronounced “lecturing on velvet.” In 1820 P\iraday p\iblished a 
chemical paper “on two nc’w compounds of chlorirui and carbon, and on 
a new compound of icKline, carbon, and hydrogem.” This paper was read 
before the Royal Society on December 21, 1820, and it wjuf the first of his 
that was honoured with a place in the Philosophical Transactions. 

On June 12, 1821, he married, and obtained leave to bring his young 
wife into his rooms at the Royal Institution. Tliere for forty-six years they 
lived together, occupying the suite of apartments which had been pre- 
viously in the successive occupancy of Young, Davy, and Brande. At the 
time of her marriage Mrs, Faraday was twtmty-one years of age, he being 
nearly thirty. Regarding this marriage I will at present limit myself to 
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quoting an entry written in Faraday s own hand in his book of diplomas, 
which caught my eye while in his company some years ago. It ran thus: 

25th January, 1847 

Amongst these records and events, I here insert the date of one which, 
as a soiiice of honour and happiness, far exceeds all tlie rest. We were 
marruui on June 12, 1821. 

M. Faraday 

Then follows the copy of the ininnh‘s, dated May 21, 1821, which gave 
him additional rooms, and thus enabled him to bring his wife to the 
Royal Institution. A feature of Faradav’s character which I have often 
noticed makes itself aj:)parent in this entry. In his relations to his wife he 
added chivalry to affection. 

Oerstc^l, in 1820, discovered the action of a voltaic current on a mag- 
netic needle; and immediately afterwards the splendid intellect of 
Arnpejf* Slice ».cdf^l in showing that ev(‘iy magnetic phenomenon then 
known might be r(‘dnc'ed to the mutual action of electric currents. The 
subject occupied all mem’s thought, and in this country Dr. Wollaston 
.sought to conv(‘rl the deflection of the needle by the current into a penna- 
nent rotation of the needle round the curnmt. He also hoped to produce 
the reciprocal effect of clausing a current to rotate round a magnet. In the 
early part of 1821, Wollaston attempted to realize this idea in the presence 
of Sir Humphry Daw in the laboratory of the Royal Institution. This was 
svell calculatt*d to attract Faradav’s attcaition to the subject. He rc'ad 
muc‘h about it; and in the months of July, Aiigusl, and September he 
wrote a lILstonf of the Fiop^rcss of Klcclroina^nctisin, which he published 
in Thomson's Annals of Philosophy. Soon aftenva^ds he took up the sub- 
ject of “magnetic rotations,” and on the morning of Christmas Day, 1S21, 
he called his wife to witness, for the first time, the revolution of a mag- 



Faradays electromagnetic rotation apparatus, 
designed in Januam. 1822. It teas made 
of a piece of glass tubing, teith stoppers 
at eat h end. The loteer stoiy er carried 
a magnet and a pool of mercury. 

A loose piece of platinum wire, hung by a loop 
from the top connection, revolved rapidly 
around the magnet pole wJun the outsuie 
current was connected to the wire terminals 
of the apparatus. 
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Hydrate 


Faraday’s apparatus for liquefying the gas chlorine produced the gas 
by heating the hydrate. Both chlorine and water vapour were formed, 
thus giving pressure within the tube. At the right the tube was cooled with ice 
The combination of pressure with cooling changed the chlorine to a liquid. 

netic needle round an electric current. Incidental to the “historic sketch," 
he repeated almost all the experiments there referred to; tmd these, 
added to his own subsequent work, made him practical master of all that 
was then known regarding the voltaic current. In 1821, he <dso touched 
upon a subject which subsecjuently received his closer attention — the 
vaporization of mercury at common temperatures; and immcKliately after- 
wards conducted, in company with Mr, Stodart, experiments on the 
alloys of steel. He was accustomed in after years to present to his friends 
razors formed from one of the alloys then discovered. 

During Faraday's hours of liberty from other duties, he took up sub- 
jects of inquiry for himself, and in the spring of 1823, thus self-prompted, 
he began the examination of a substance which had long been regarded 
as the chemical element chlorine, in a solid form, but which Sir Humphry 
Davy, in 1810, had proved to be a hydrate of chlorine, that is, a com- 
pound of chlorine and water. Faraday first analyzed this hydrate, and 
wrote out an acornint of its composition. This acc'ouut was l(X)ked over 
by Davy, who suggested the heating of the hydrate imdi^r pressure in a 
sealed glass tube. This was done. The hydrate fused at a blood hejit, the 
tube became filled with a yellow atmosphere, and was aAerwards found 
to contain two liquid substances. Dr. Paris happened to enter the labora- 
tory while Faraday wjis at work. Seeing tlie oily liquid in his tube, he 
rallied the young chemist for his carelessness in employing soiled vessels. 
On filing oflE the end of the tube, its contents exploded and the oily matter 
vanished. Early next morning, Dr. Paris received the following note: 
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Dear Sir — The oil you noticed yesterday turns out to be liquid chlo- 
rine. 


Yours faithfully, 
M. Faraday 


The gas had been liquefied by its own pressure. Faraday then tried com- 
pression with a syringe, and succeeded thus in liquefying the gas. 

To the published account of this experiment Davy added the following 
note: ^n desiring Mr. Faraday to expose the hydrate of chlorine in a 
closed glass tube, it occurred to me that one of three things would hap- 
pen: that decomposition of water would occur; ... or that the chlorine 
would separate in a fluid state.” Davy, moreover, immediately applied 
the method of self-compressing atmosphere to the liquefaction of muri- 
atic gas. Faraday continued the experiments, and succeeded in reducing 
a number of gases till then deemed permanent to the liquid condition. In 
1844 returned to the subject, and considerably expanded its limits. 
These important investigations established the fact that gases are but 
the vapours ot liquids possessing a very low boiling point, and gave a 
sure basis to our views of molecular aggregation. The account of the first 
investigation was read before the Royal Society on April 10, 1823, and 
was published, in Faraday’s name, in the Philosophical Transactions, The 
second memoir was sent to the Royal Society on December 19, 1844. I 
may add that while he was conducting his first experiments on the lique- 
faction of gases, thirteen pieces of glass were on one occasion driven by 
an explosion into Faraday’s eye. 

Some small notices and papers, including the observation that glass 
readily changes colour in sunlight, follow here. In 1825 and 1826 Faraday 
published papers in the Philosophical Transactions on “new compounds 
of carbon and hydrogen,” and on “sulphonaphthalic acid.** In the former 
of these papers he announced the discovery of benzol,* which, in the 
hands of modem chemists, has become the foundation of our splendid 
aniline dyes. But he swerved incessantly from chemistry into physics; and 
in 1826 we find him engaged in investigating the limits of vaporization, 
and showing, by exceedingly strong and apparently conclusive argu- 
ments, that even in the case of mercury sucli a limit exists; much more 
he conceived it to be certain tliat our atmosphere does not contain the 
vapour of the fixed constituents of the earth’s crust. This question, I may 
say, is likely to remain an open one. Dr. Rankine, for example, has lately 


4. Benzol, A colo\irlass liquid obtained by the distillation of coal tar; now known 
chemically as benzene, C Jl«. 
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drawn attention to the odour of certiiin metals; whence comes this odour, 
if it be not from the vapour of the metal? 

In 1825 Faraday became a member of a committee, to which Sir John 
Herschel and Mr. Dollond also belonged, appointed by the Royal Society 
to examine, and if possible improve, the manufacture of glass for optical 
purposes. Their experiments continued till 1829, when the account of 
them constituted the subject of a “Bakcrian Lecture.” This lectureship, 
founded in 1774 by Henry Baker, Esq., of the Strand, London, provides 
that every year a lecture shall be given before the Royal Society, the sum 
of four pounds being paid to the lecturer. The Bakcrian Lecture, how- 
ever, has long since passed from the region of pay to that of honour, 
papers of mark only being chosen for it by the council of the Society. 
Faraday's first Bakcrian Lecture, “On the Manufacture of Glass for Opti- 
cal Puq^oses,” was delivered at the close of 1829. It is a most elaborate 
and conscientious description of processes, precautions, and results; the 
details were so exact and so minute, and the pape^r consequently so long, 
that three successive sittings of the Royal Society' were taken up by tlie 
delivery of the lecture. This glass did not turn out to be of important 
practical use,® but it happened afterwards to be the foundation of two 
of Faraday’s greatest discoveries. 

The experiments here referred to were commenced at the Falcon Glass 
Works, on the premises of Messrs. Green and Pellatt, but Faraday could 
not conveniently attend to them there. In 1827, therefore, a furnace was 
erected in the yard of'the Royal Institution; and it was at this time, and 
with a view of assisting him at the furnace, that Faraday engaged Sct- 
geant Anderson, of the Royal Artillery, the respectable, truthful, and 
altogether trustworthy man whose appearance here is so fresh in our 
memories. Anderson continued to be the reverential helper of Faraday 
and the faithful servant of this Institution for nearly forty years.® 

5. I make the following extract from a letter from Sir John Herschel, written to 
mo from Collingv-ood, on tho 3nl of NovoniljcT, 1867. 

I will take this opportunity to mention that I bciicwc myself to have oritinateci 
the suggestion of the employment of horalo of load for optUal purposes It was 
somewhere in the year 1822, as well as I can recollect, that I mentioned it to 
Sir James (then Mr ) South, and, in consequence, the trial Miras made in his 
lahoratoiy in Dlackman Street, by precipitating and working a IjUrge cpiantity of 
borate or lead, and fusing it under a muffle in a porcelain evaporating dish A 
very limpid (though slightly yellow) glass resulted, the refractive index 
1.886! ( which you will find set down in my table of refractive* indices in my 
article “Light,* Enctfclop^fdUi Metropolitana) . It was, however, tex) soft for 
optical use as an objec't glass Tins Faraday overcame, at least to a considerable 
degree, by the introduction of silica 

6. Regarding Anderson, Faraday writes thus in 1845: “I cannot resist the occiision 
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In 1831 Faraday published a paper, "On a Peculiar Class of Optical 
Deceptions,” to which I believe tlie beautiful optical toy called the chro- 
matrope owes its origin. In the same year he published a paper on vi- 
brating surfaces, in which he solved an acoustical problem which, though 
of extreme simplicity when solved, appears to have baffled many eminent 
men. The problem was to account for the fact that light bodies, such as 
the seed of lycopodium, collected at the vibrating parts of sounding 
plates, while sand ran to the nodal lines. F'araday showed that the light 
bodies were entangled in the little whirlwinds formed in the air over the 
places of vibration, and through which the heavier sand was readily 
projected. Faraday’s resources as an experimentalist were so wonderful, 
and his delight in experiment was so great, that he sometimes almost ran 
into excess in this direction. I have heard him say that this paper on vi- 
brating surfaces was too heavily laden with experiments. 

Tlie v'ork thus referred to, though sufficient of itself to secure no mean 
scientific reputation, forms but the \estibule of Faradays achievements, 
lie had been engaged within these walls for eighteen years. During part 
of the time he had drunk in knowledge from Davy, and during the re- 
mainder he c'ontiniially exercised his capacity for independent inquiry. 
In 1831 w^e have him at the climax ol his intellectual strength, forty years 
of ag(', stored with knowledge and full of original powder. Through read- 
ing, lecturing, and experimenting, he had become thoroughly familiar 
with electrical science; he saw where light was needed and expansion 
possible. The phenomena of ordinary electric ind action belonged, as it 
were, to the alphabet of his know'l(*dge, he knew^ tha^ mder ordinary cir- 
cumstance's the presence of an electiified body was sufficient to excite, 
bv indiietion, an unelectnfied bodv. He knew that the ware wffiic h carried 
an electric current was an electiified bod\, and still that all attempts had 
failt'd to make it excite in other wares a state similar to its owm. 

What w^as the reason of this failurt*? Faraday nex er could work from 
the experiments of others, how^exer clearly descnbcxl. He knew well that 
from every experimi iit issues a kind of radiation, luminous in different 
degrex^s in diflerent minds, and he hardly trustc*d himself to reason upon 


that is thus offrrtd to me of ineiitioumc tlu name of Mr. Anderson, who came to 
me as an assistant m the i^lass t xpciimenls, and Jus lemamed ever sinc'c in the 
laboratory of the Roval Institution He assisted me in all the researches into whuh 
I have entered suK'e that time, and to Iiis care, steadiness, exactitude, and faitliful- 
ness in the j^erfonnance of all tliat has been I'omniittcd to his charge, I am niiuh 
mdehted — M. F.'" [Si e I xprnmcntal Rvbcaichis, Great Books of the Western 
World, Vol. 45, p. 51)6 (Kd ).] 



i8 John TyndaU 

an experiment that he had not seen. In the autumn of 1831 he began to 
repeat the experiments with electric cmrents, which, up to that time, had 
produced no positive result. And here, for the sake of younger inquirers, 
if not for the sake of us all, it is worth while to dwell for a moment on a 
power which Faraday possessed in an extraordinary degree. He united 
vast strength with perfect flexibility. His momentum was that of a river, 
which combines weight and directness with the ability to yield to the 
flexures of its bed. The intentness of his vision in any direction did not 
apparently diminish his power of perception in other directions; and 
when he attacked a subject, expecting results, he had the faculty of keep- 
ing his mind alert, so that results diflFerent from those which he expected 
should not escape him tlirough preoccupation. 

He began his experiments on the induction of electric currents by com- 
posing a helix of two in.sulated wires which were wound side by side 
round the same wooden cylinder. One of these wires he c^onnected with 
a voltaic battery of ten cells, and the otlier with a sensitive galvimometcr. 
When connection with the battery was made, and while the current 
flowed, no effect whatever was observed at the galvanometer. But he 
never accepted an experimental result until he had applied to it the ut- 
most power at his command. He raised his battery from 10 cells to 120 
cells, but without avail The current flowed calmly through the battery 
wire without producing, during its flow, any sensible result upon the 
galvanometer. 

‘'During its flow,” and this was the time when an effc'ct was expected — 
but here Faraday's power of lateral vision, separating, as it were, from 
the line of expectation, came into play. He noticed that a feeble move- 



Two completely independent coHs of instdated wire were wound side by side 
on a wooden cylinder. One coU was connected to a voltaic battery, 
the current flowing when the battery wires were touched together. 

The other coil was connected to a sensitive galvanometer. At the moment 
that the batteru wires were touched, the galvanometer moved, 
though the circuits were separate. 
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ment of the needle always occurred at the moment when he made con- 
tact with the battery; that the needle would afterwards return to its 
former position and remain quietly there unafiFected by the flowing cur- 
rent. At the moment, however, when the circuit was interrupted the 
needle again moved, and in a direction opposed to that observed on the 
completion of the circuit. 

This result, and others of a similar kind, led him to the conclusion that 
the battery current through the one wire did in reality induce a similar 
current through the other; but that it continued for an instant only, and 
partook more of the nature of the electric wave from a common Leyden 
jar than of the current from a voltaic battery. The momentary currents 
thus generated were called induced currents, while the current which 
generated them was called the inducing current. It was immediately 
proved that the current generated at making the lircuit was always op- 
posed in direction to its generator, while that developed on the rupture 
of the circuit coincided in direction with the inducing current It ap- 
peared as if the current on its first rush through the primary wire sought 
a purchase in the secondary one, and, by a land of lack, impelled back- 
ward through the latter an electric wave, which subsided as soon as the 
primary current was fully established. 

Faraday, for a time, believed that the secondary wire, though quiescent 
when the primary current had been once established, was not in its natu- 
ral condition, its return to that condition being declared by the current 
observed at breaking the ciraiit. He called this hypothetical state of the 
wire the electrotonic state; he afterwards abandonp<l this hypothesis, but 
seemed to return to it in later life. The term electrotnnic is also preserved 
by Professor Du Bois Reymond to express a certain electric condition of 
the nerves, and Professor Clerk Maxwell has ably defined and illustrated 
the hypothesis in the tenth volume of the Transactions of the Cambridge 
Philosophical Society. 

The mere approach of a wire forming a closed cmve to a second wire 
through which a voltaic current flowed was then shown by Faraday to be 
sufficient to arouse in the neutral wire an induced current, opposed in 
direction to the inducing current; the withdrawal of the wire also gener- 
ated a current having the same direction as the inducing current; those 
currents existed only during the time of approach or withdrawal, and 
when neither the primary nor the secondary wire was in motion, no 
matter how close their proximity might be, no induced current was 
generated. 

Faraday has been called a purely inductive philosopher. A great deal 
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Battery 


An induced current was produced when a wire forming a closed circuit 
through a galvanometer was hroughf near a wire carrying a voltaic current. 
The direction of the induced current was opposed to that 
of the inducing current. 


of nonsense is, I fear, uttered in this land of England about induction and 
deduction. Some profess to befriend the one, some the other, wliile the 
real vocation of an investigator, like Faraday, consists in the incessant 
marriage of both. He was at this time full of the theory of Ampere, and 
it cannot be doubted that numbers of his experiments weare executed 
merely to test his deductions from that tlieory. Starting from the dis- 
covery of Oersted, the illustrious French philosopher had shown that 
all the phenomena of magnetism then known might be reduced to the 
mutual attractions and repulsions of electric currents. Magnetism had 
been produced from electricity, and Faraday, who all his life long enter- 
tained a strong belief in such reciprocal actions, now allf‘mpt(‘d to effect 
the evolution of electricity from magnetism. Round a welded iron ring he 
placed two distinct coils of covered wire, causing the coils to occupy op- 
posite halves of the ring. Connecting the ends of one of the coils with 
a galvanometer, he found that the moment the ring was magnetized, 
by sending a current tlirough the other roil the galvanomett'r needle 
whirled round four oi five times in succession. The action, as before, was 
that of a pulse, which vanisheil immediately. On interrupting the circuit, 
a whirl of the needle in the opposite direction occurred. It wa.s only dur- 
ing the time of magnetization or demagnetization that th(‘se (dfects were 
produced. The induced currents declared a change of cxindition only, and 

the act of magnetizatifin or demagiietization 


they v anisl^ ec ^ the moment 

'U- 

if 
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Two coils, P and S, were wound on an iron ring. The primary coil, P, 
was connected to a battery; the secondary coil, S, to a galvanometer. 

When a current was started in P, a current was induced in S 
m a direction opposite to that in P. With the current flowing in P, 
there was no current in S. When the current in P was interrupted, 
there was a reverse current in S. 

Tlie effec«^<! obtained with the welded ring were also obtained with 
stiaight bars of iron. Whether the bars were magnetized by the electric 
current, or were excited by the contact of permanent steel magnets, in- 
duced currents were always generated during the rise, and during the 
subsidence of the magnetism. The use of iron was then abandoned, and 
the same efiFects were obtained by merely thrusting a permanent steel 
magnet into a coil of wire. A nish of electricity through the coil accom- 
panied the insertion of the magnet; an equal rush in the opposite direction 
ac‘c:ompanied its withdrawal. Tlie precision with which Faraday describes 
these results, and the completeness with which he defines the boundaries 
of his facts, are wonderful. The magnet, for example, must not be passed 
quite through the coil, but only half tlirough; for if passed wholly tlirough, 
the needle is stoppcnl as by a blow, and then he shows how this blow re- 
sults from a reversal of the electric wave in the helix. He next operated 
with the powerful permanent magnet of the Royal Society, and obtained 
with it, in an exalted degree, all the foregoing phenomena. 

And now he turned the light of these discoveries upon the darkest 
physical phenomenon of that day. Arago had discovered, in 1824, tliat a 
disk of nonmagnetic metal had the power of bringing a Wbrating mag- 
netic ntHxlle .suspended over it rapidly to rest; and that on causing tlie 
disk to rotate the magnetic needle rotated along with it. When both were 
quiescent, there was not the slightest measurable attraction or repulsion 
exerted between the needle and the disk; still, when in motion the disk 
was competent to drag after it not only a light needle, but a heavy mag- 
net. ^riie question had been probed and investigated with admirable skill 
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An induced current was produced by the mere motion 
of a permanent steel magnet in a coil of wire A rush of electricity 
through the coU occurred when the magfiet was inserted An equal rush 
in the opposite direction occurred whm the magnet was withdrawn, 

by both Arago and Ampere, and Poisson had published a theoretic 
memoir on the subject; but, no cause amid be assigned for so extraordi- 
nary an actic)n. It had also been examined in tin's ctiuritry by two ce]e~ 
brated men, Mr. Babbage and Sir John Herschel, but it still remained 
a mystery. Faraday always reaimmended the suspension of judgment in 
cases of doubt. *^1 have always admired,” be said, “the prudence and 
philosophical reserve shown by M. Arago in resisting the temptation to 
give a theory of the effect he had discovered, so long as he anild not 
devise one which was perfect in its application, and in refusing to assent 
to the imperfect theories of others.” Now, however, the time for tha>ry 
had come. Faraday saw mentally the rotating disk, under the operation of 
the magnet, flooded with his induced ciurcnts, and fniin the k^own laws 
of interaction between currents and magnets he hoped to ifeduce the 
motion observed by Arago. That hope he realized, showing by actual ex- 
periment that, when his disk rotated, currents passed throng it, their 
position and direction being such as must, in accordtUice with the es- 
tablished laws of electromagnetic action, produce the observed rotation. 

Introducing the edge of his disk between the poles of the large horse- 
shoe magnet of the Royal Society, and connec'ting the axis and tlie edge 
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Galvanometer 



Faradays electrical generator to produce a steady current 
by rotating a copper disk between the poles of n magnet, 

of the disk, eacli by a wire with a galvanometer, he obtained, when the 
disk was tuvi.x vl round, a constant flow of electricity. The direction of tlie 
current was determined l)y the direction of the motion, the current being 
reversed when the rotation was reversed. He now states the law which 
rules the production of currents in both disks and wires, and in so doing 
used, for the first time, a phrase which ha.> since become famous. Wlien 
iron filings are sc'altered over a magnet, the particles of iron arrange 
themselves in certain determinate lines called magnetic curves. In 183 
Faraday for tlie first time called tliese curves “lines of magnetic force"; 
and he showc^d that to produce induced currents neither approach to nor 
withdrawal from a magnetic source, or center, or pole, w.is essential, but 
that it was only nect^ssary to cut appropriately the lines of magnetic 
forc^e. Faraday's first paper on magnetoclectric indue tion, which I have 
here endeavoured to condense, was read before the Royal Society on 
tlie a4th of November, 1831. 

On January 12, 1832, lie communicated to the Royal Society a second 
paper on terrestrial magnetoclectric induction, wliich was chosen as the 
Bakerian Lecture for the year. He plaml a bar of iron in a coil of wire, 
and lifting the bar into the direction of the dipping needle, he excited 
by tliis action a current in the coi\. On reversing the bar, a current in the 
opposite direction nished through the Wi^e. The same effect was pro- 
duced when, on holding the helix in the line of dip, a bar of iron was 
thrust into it. Here, however, the earth ac*ted on the coil through the 
intermediation of the bar of iron. He abandoned the bar and simply set 
a copper plate spinning in a horizontal plane; he know that the earth^s 
lines of magnetic force then crossed the plate at an angle of about 70®. 
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it was only necessary to cut appropriately the lines of magnetic force. 

For the arrangement shown, the coU may be spun around on its vertical axis 
or drawn back and forth across the end of the magnet. 

When the plate spun round, the lines of force were intersected and in- 
duced currents generated, which produced their proper eflect when 
carried from the plate to the galvanometer. “When the plate was in the 
magnetic meridian, or in any otlicr plane coinciding with the magnetic 
dip, then its rotation produced no effect upon the galvanometer.” 

At the suggestion of a mind fruitful in suggestions of a profound and 
philosophic character — I mean that of Sir John Ilerscliel— Mr. Barlow, 
of Woolwich, had experimented with a rotating iron shell. Mr. Christie 
had also performed an elaborate series of experiments on a rotating iron 
disk. Both of them had found that when in rotation the body exercised a 
peculiar action upon the magnetic needle, deflecting it in a manner which 
was not observed during quiescence; but neither of them was aware at 
the time of the agent which produced this extraordinary deflection. They 
ascTibed it to some change in the magnetism of the iron shell and disk. 

But Faraday at once saw that his induced currents must come into 
play here, and he immediately obtained them from an iron disk. With a 
hollow brass ball, moreover, he produced the effects obtained by Mr. 
Barlow. Iron was in no way necessary; the only condition of sRiccess was 
that the rotating body should be of a character to admit of the formation 
of currents in its substance; it must, in other words, be a conductor of 
electricity. The higher the conducting power the more copioi|s were the 
currents. He now passes from his little brass globe to the globe of the 
earth. He plays like a magician with the earth’s magnetism. He secs the 
invisible lines along which its magnetic action is exerted, and sweeping 
his wand across these lines evokes this new power. Placing a simple loop 
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A dipping needle, shown in the background, is so balanced 
that it poh,r dntdinghj downward toward the earth* s north magnetic pole, 
[At Washington, D.C., the inclination, or dtp, is yo degrees.] 

Faraday found that, when an iron bar was thrust into a coil 
in the direction of the dip, a momentary current was induced. 

of wire round a magnetic needle he bends its upper portion to the west; 
the north pole of the needle immediately swerves to the east; he bends 
his loop to the east, and tlie north pole moves to tlie west. Suspending a 
common biir magnet in a vertical position, he causes it to spin round its 
own axis. Its pole being connected with one end of a galvanometer wire, 
and its equator with the other end, electricity rushes round tlie galva- 
nometer from the rotating magnet. He remarks upon the “singular inde- 
pendence” of the magnetism and the body of the magnet wiiich carries 
it. The steel behaves as if it were isolated from its own magnetism. 

And then his thoughts suddenly widen, and he asks himself whether 
the rotating earth does not generate induced currents as it turns round 
its axis from west to east. In his experiment with the twirling magnet the 
galvanometer wire remained at rest; one portion of the circuit was in 
motion relatively to another portion. But in the case of the twirling planet 
the galvanometer wire would necessarily be carried along with tlie 
earth; there would be no relative motion. What must be the conse- 
quence? Take the case of a telegraph wire with its two terminal plates 
dipped into the earth, and suppose the wire to lie in the magnetic merid- 
ian. The ground underneath the wire is influenced like the wire itself by 
the earth’s rotation; if a current from south to north be generated in the 
wire, a similar current from south to north would be generated in the 
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earth under the wire; these currents would run against the same terminal 
plate, and thus neutralize each other. 

This inference appears inevitable, but his profound vision perceived 
its possible invalidity. He saw that it was at least possible that the diflFer- 
ence of conducting power between the earth and the wire might give one 
an advantage over the other, and that thus a residual or differential current 
might be obtained. He combined wires of different materials, and caused 
them to act in opposition to each other, but found the combination in- 
effectual. The more copious flow in the better conductor was exactly 
counterbalanced by the resistance of the worse. Still, though experiment 
was thus emphatic, he would clear his mind of all discomfort by operat- 
ing on the earth itself. He went to the round lake near Kensington Palace, 
and stretched 480 feet of copper wire, north and south, over the lake, 
causing plates soldered to the wire at its ends to dip into the water. The 
copper wire was severed at the middle, and the severed ends connected 
with a galvanometer. No effect whatever was observed. But though qui- 
escent water gave no effect, moving water might. He therefore worked 
at London Bridge for three days during the eob and flow of the tide, but 
without any satisfactory result. Still he urges, “Theoretically it seems a 
necessary consequence, that where water is flowing there electric cur- 
rents should be formed. If a line be imagined passing from Dover to 
Calais through the sea, and returning through the landT beneath the 
water to Dover, it traces out a circuit of c'onducting matter one part of 
which, when the water moves up or down the channel, is cutting the 
magnetic curves of the earth, whilst the other is relatively at rest. . , . 

“There is every reason to believe that currents do run in the general 
direction of the circuit described, cither one way or the other, according 
as the passage of the water is up or down the channel.” This was written 
before the submarine cable was thought of, and he once informed me 
that actual observation upon that cable had been found to be in accord- 
ance with his theoretic deduction.^ 

7. I am indebted to a friend for the following exquisite morsel. **A short time after 
the publication of F.iraday's first researches m magnetoeloctncity, ho attended the 
meeting of the British Association at Oxford in 1832 On this occasion he is as 
requested by some of the authonties to repeat the celebrated djxjKTiment of 
elicitmg a spark from a magne t, employing for this ynirpose the large* tnagnet in the 
AshmoWn Museum To this he coascnled, and a large party assembled to witness 
the experiments, which, 1 need not say, w-^re perfectly successful "Sl'hile he was 
repeating them a dignitary of the university entered tlie rrom, and addressing 
himself to Professor Daniel], who was standing near Faraday, inqiiitv^l what was 

S on The Professor explained to him as popularly as possime this striking 
of Faraday's great discovery llie Dean listened with attimtion and looked 
earnestly at the brilliant spark, but a moment after be assumed a serious cwinte- 
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Three years subsequent to the publication of these researches — that is 
to say, on January 29, 1835 — Faraday read before the Royal Society a 
paper “on the influenc'e by induction of an electric current upon itself/' 
A shock and spark of a peculiar character had been observed by a young 
man named William Jenldn, who must have been a youth of some sci- 
entific promise, but who, as Faraday once informed me, was dissuaded 
by his own father from having anything to do with science. The investi- 
gation of the fact noticed by Mr. Jeiikin led Faraday to the discovery of 
the extra current, or the current induced in the primary wire itself at the 
moments of making and breaking contact, the phenomena which he de- 
scribed and illustrated in the beautiful and exhaustive paper referred to. 

Seven and thirty years have passed since the discovery of magneto- 
electricity; but if we except the extra current, until quite recently nothing 
of moment was added to the subject. Faraday entertained the opinion 
that the disc'overer of a great law of principle had a right to the “spoils" — 
this was his term — arising from its illustration; and guided by the princi- 
ple he had discovered, his wonderful mind, aided by his wonderful ten 
fingers, overran in a single autumn this vast domain, and hardly left 
behind him the shred of a fact to be gathered by his successors. 

And here the question may arise in some minds: Wliat is the use of it 
all? The answer is, that if man s intellectual nature thirsts for knowledge, 
tlicn knowledge is useful because it satisfies this thirst. If you demand 
practical ends, you must, I think, expand your definition of the term 
practical, and make it include all that elevates and enlightens the intel- 
lect, as well as all that ministers to the bodily health and ^^omfort of men. 
Still, if needed, an answer of another kind might be given to the question 
“What is its use?" As far as electricity has been applied for medical pur- 
poses, it has been almost exclusively P^araday's eleciricity. You liave 
noticed tliose liiu^s of wire which cross the streets of London. It is Fara- 
day's currents that spctxl from place to place through these wires. Ap- 
proaching the point of Diingeness, the mariner sees an unusually brilliant 
light, and from tlie noble phares of I^ Heve the same light fliishes across 
the sea. These are F'araday s sparks exalted by suitable machinery to 
sunliko splendor. At the present moment the Board of Trade and tlie 

nance and sliook his head; ‘1 am sorry for it/ said he, as he walked away. 
In the middle of the room he stopped for a moment and repeated, ‘1 am sorry for 
It,' then, walking;; towards the door, when the lundle was in his hand he himed 
round and said, "Indeed I am sorry for it; it is putting new arms into the hands of 
the incendiary/ lliis oc'currcd a short time after the papers had been filled with the 
doings of the hayrick burners. An erroneous statement of what fell from the 
Dean s mouth was printed at tlie time in one of the Oxford papers. He is there 
wrongly stated to have said, 'It is putting new anns into the liands of the infidel/ ” 
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Brethren of the Trinity House, as well as the Commissioners of Northern 
Lights, are contemplating the introduction of the magnetoelectric light 
at numerous points upon our coasts; and future generations will be able 
to refer to those guiding stars in answer to the question, what has been 
the practical use of the labours of Faraday? But I would again emphati- 
cally say, that his work needs no such justification, and that if he had 
allowed his vision to be disturbed by considerations regarding the prac- 
tical use of his discoveries, those discoveries would never have been 
made by him. ‘1 have rather,*' he writes in 1831, ‘‘been desirous of dis- 
covering new facts and new relations dependent on magnetoelectric 
induction, tlian of exalting the force of those already obtained, being 
assured that the latter would find their full development hereafter.*' 

In 1817, when lecturing before a private society in London on the 
element chlorine, Faraday thus expressed himself with reference to this 
question of utility: “Before leaving this subject, I will point out the liis- 
tory of this substance, as an answer to those who are in the habit of 
saying to every new fact, ‘What is its use?* Dr. Franklin says to such, 
What is the use of an infant?* The answer of the experimentalist is, 
‘Endeavour to make it useful.* When Scheele discovered this substance, 
it appeared to have no use; it was in its infancy and useless state, but 
having grown up to maturity, witness its powers, and see what endeav- 
ours to make it useful have done.** 


The foregoing consists of Chapters I-III 
of TyndaWs faraday as a discoverer. 
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XJ^ve Curie was bom in Paris in 1904, the daughter of Pierre and 
Marie Curie. She began early to study music, and though she re- 
ceived the degree of bachelor of science and philosophy from 
Sevign^ College, she became a concert pianist. She made her debut 
at Paris in 1925 and subsequently played in many cities, chiefly in 
France. After her mother’s death she began collecting and classify- 
ing all the papers, manuscripts, and documents left by Mme Curie; 
she went to Poland to obtain material on her mother’s youth; and she 
interrogated all those friends and acquaintances of the scientist who 
could be reached. Her biography, titled Madame Curie, was pub- 
lished in 1937. It was described as one of the great biographies of 
our time and was translated into many languages. 

Eve Curie gave vigorous support to the activities of the Free 
French in World War II. She visited, as a correspondent, some of the 
most active battlefronts and wrote a book about her experiences 
called Journey Among Warriors (1943). She later became one of 
the puljlishers of the newspaper Paris Presse. With her husband, 
Henri Labouisse, she now resides in Washington, D.C, 

Xlie Curie family would have delighted Galton, the author of 
Hereditary Genius. Pierre and Marie C urie received the Nobel Prize 
in physics for 1903, in association with Henri Becquerel, for the dis- 
covery of radiation. Mme Curie herself won the Nobel Prize in 
Chemistry for 1911, for the discovery of radium. Her daughter Irene, 
in association with the latter’s husband, Frederic Joliot-Curie, won 
the Nobel Prize in chemistry for 1935, for their production of 
artificially induced radiation. And Eve Curie attained the first rank 
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among biographers upon the publication of Madame Curie. If 
genius is hereditary in any family, it would appear to have been so in 
this one. 

Mme Curie not only received two Nobel Prizes; she also re- 
ceived innumerable other prizes and medals and was made a 
corresponding honorary member of almost every scientific society 
on eaj^. The curie, a unit of measurement for radium emanation, 
was named after her, as was the element curium. 

Despite this pubhc acclaim ( there were, however, also violent at- 
tacks on her), Mme Cmie remained a simple, kind, almost timid 
woman. “Marie Curie is, of all celebrated beings,” said her hfelong 
friend Albert Einstein, “the only one whom fame has not corrupted.” 

The problem which thus faced her biographer was, though it 
might seem simple, in fact extremely complex and difficult. On the 
one hand, there was the temptation to do no more than recoimt the 
troubles and obstacles of Mme Curie s youtli, to tell how each of 
these was in turn overcome, to applaud the great discoveries, to de- 
scribe the personal anguish, to narrate the series of triumphs, and 
to close with a rousing paean of praise. But the risk in that case was 
to create a cold and quite unbelievable character. 

On the other hand. Eve Curie might have been tempted to tell 
no more than a “human interest” story, she might have emphasized 
the naivete of her subject. But the risk in this case was to fall into 
pathos and sentimentality. 

The young biographer of Mme Curie avoided both dangers. Eve 
Curie’s picture of her mother is as warm, as human, as paradoxical 
as the woman herself; but that woman is also a great scientist. In 
a short introduction to tlie book Eve Curie tells us how she managed 
to do this. “It would have been a crime,” she writes, “to add the 
slightest ornament to this story, so like a myth. I have not related 
a single anecdote of which I am not sure I have not deformed a sin- 
gle essential phrase or so much as invented the color of a dress. The 
facts are as stated, the quoted words weie actually proiiQunced.” 

In other words, she wrote about her mother’s life in much the same 
way that her mother wrote about her discoveries. Mme Cul'ie did not 
add anything, either; she too was objective in the best sense, she 
too was patient and willing to allow the truth to speak for itself. 
Both of these remarkable women lend considerable credence to the 
proposition that truth is not only stranger than fiction but also much 
more interestmg. 
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It hardly needs saying that the chapter reprinted below, The 
Discovery of Radium, has tlie virtues of the whole book. Here is the 
story of Mme Curie in miniature. In particular, the reader is urged 
to note especially the three notebook entries quoted at the end of 
the chapter. Therein, the author seems to be saying, lies the essence 
of Marie Curie, who could be equally happy about the discovery of 
radium and about the fact that her daughter has fifteen teeth. 



The Discovery of Radium 


young wife kept house, washed her baby daughter 
and put pans on the fire, in a wretched laboratory at the School of Phys- 
ics a woman physicist was making the most important discovery of mod- 
em science. 

At the end of 1897 the balance sheet of Maries activity showed two 
university degrees, a fellowship and a monograph on the magnetization 
of tempered steel. No sooner had she recovered from childbirth than she 
was back again at the laboratory. 

The next stage in the logical development of her career was the doc- 
tors degree. Several weeks of indecision came in here. She^had to choose 
a subject of research wliich would furnish fertile and original material. 
Like a writer who hesitates and asks himself questions before settling the 
subject of his next novel, Marie, reviewing the most recent work in phys- 
ics with Pierre, was in search of a subject for a thesis. 

At this critical moment Pierre's advice had an importance which can- 
not be neglected. With respect to her husband, the young woman re- 
garded herself as an apprentice: he was an older physicist, much more 
experienced than she. He was even, to put it exactly, her chief, her ‘T)oss.” 

But without a doubt Marie s character, her intimate nature, had a great 
part in this all-important choice. From childhood the Polish girl had 
carried the curiosity and daring of an explorer within her. This was the 
instinct that had driven her to leave Warsaw for Paris and the Sorbonno, 
and had made her prefer a solitary room in the Latin Quarter to the 
Dluskis’ downy nest. In her walks in the woods she always chose the 
wild trail or the unfrequented road. 

At this moment she was like a traveler musing on a long voyage. Bent 
over the globe and pointing out, in some far country, a strange name that 
excites his imagination, the traveler suddenly decides to go there and 
nowhere else: so Marie, going through the reports of the latest experi- 
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mental studies, was attracted by the publication of the French scientist 
Henri Becqucrel of the preceding year. She and Pierre already knew this 
work; she read it over again and studied it with her usual care. 

After Roentgens discovery of X rays, Henri Poincar6 conceived the 
idea of determining whether rays like the X ray were emitted by “fluores- 
cent bodies under the action of light. Attracted by the same problem, 
Henri Becqucrel examined the salts of a “rare metal,” uranium. Instead 
of finding the phenomenon he had expected, he observed another, al- 
together different and incomprehensible: he found that uranium salts 
spontaneously emitted, without exposure to light, some rays of unknown 
nature. A compound of uranium, placed on a photographic plate sur- 
rounded by black paper, made an impression on the plate through the 
paper. And, like the X ray, these astonishing “uranic” salts discharged 
an electroscope by rendering the surrounding air a conductor. 

Henri Becqucrel made sure that these surprising properties were not 
caused by a pieliminary exposure to the sun and tliat they persisted when 
the uranium compound had been maintained in darkness for several 
months. For the first time, a physicist had observed the phenomenon to 
which Marie Curie was later to give the name of radioactivity. But the 
nature of the radiation and its origin remained an enigma. 

Becquerers discovery fascinated the Curies. They asked themselves 
whence came the energy — tiny, to be sure — which uranium compounds 
constantly disengaged in the form of radiation. And what was tlie nature 
of this radiation? Here was an engrossing subject of research, a doctor’s 
thesis! The subject tempted Marie most because it a virgin field: 
Becquercl's work was very recent and so far as she knew nobody in the 
laboratories of Europe had yet attempted to make a fundamental study 
of uranium rays. As a point of departure, and as the only bibliography, 
there existed some communications presented by Henri Becqucrel at tlie 
Academy of Science during the year 1S96. It was a leap into great adven- 
ture, into an unknowm realm. 

There remained the question of where she was to make her experi- 
ments — and here the difliculties began. Pierre made several approaches 
to the director of the School of Physics with practically no results: Marie 
was given the free use of a little glassed-m studio on the ground floor of 
the school. It was a kind of storeroom, sweating with damp, where un- 
used macliines and lumber were put away. Its technical equipment was 
nidimentai*)' and its comfort nil. 

Deprived of an adtx|uate electrical installation and of eveiy’thing that 
forms material for the beginning of scicnlifit* research, she kept her 
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patience, sought and found a means of making her apparatus work in 
this hole. 

It was not easy. Instruments of precision have sneaking enemies: hu- 
midity, changes of temperature. Incidentally the climate of this little 
workroom, fatal to the sensitive electrometer, was not much better for 
Maries health. But tliis had no importance. When she was cold, the 
young woman took her revenge by noting the degrees of temperature in 
centigrade in her notebook. On February 6, 1898, we find, among the 
formulas and figures: “Temperature here 6^25.'^ Six degrees . . . I* 
Marie, to show her disapproval, added ten little exclamation points. 

The candidate for the doctor's degree set her first task to be the meas- 
urement of the “power of ionization" of uranium rays — that is to say, 
their power to render the air a conductor of electricity and so to dis- 
charge an electroscope. The excellent method she used, which was to be 
the key to the success of her experiments, had been invented for the 
study of other phenomena by two physicists well known to her: Pierre 
and Jacques Curie. Her technical installation consisted of an “ionization 
chamber,” a Curie electrometer and a piezoelectric quartz. 

At the end of several weeks the first result appeared: Marie acquired 
the certainty that the intensity of this surprising radiation was propor- 
tional to the quantity of uranium contained in the samples jinder exami- 
nation, and that this radiation, which could be measured with precision, 
was not affected either by the chemical state of combination of the 
uranium or by external factors such as lighting or temperature. 

These observations were perhaps not very sensational to the unin- 
itiated, but they were of passionate interest to the scientist. It often 
happens in physics that an inexplicable phenomenon can be subjected, 
after some investigation, to laws already known, and by tliis very fact 
loses its interest for the research worker. Thus, in a badly constructed 
detective story, if we are told in the third chapter that the woman of 
sinister appearance who might have eommitt(xl the crime is in reality 
only an honest little housewife who leads a life without secrets, we feel 
discouraged and cease to read. 

Nothing of the kind ’^happened here. The more Mario penetrated into 
intimacy with uranium rays, the more they seemed without precedent, 
essentially unknown. They were like nothing else. Nothing affected 
them. In spite of their very feeble power, they had an extraordinary 
individuality. 


1. About 44” Fahrenheit 
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Turning this mystery over and over in her head, and pointing toward 
the truth, Marie felt and could soon affirm that the incomprehensible 
radiation was an atomic property. She questioned: Even though the 
phenomenon had only been observed with uranium, nothing proved 
that uramum was the only chemical element capable of emitting such 
radiation. Why should not other bodies possess the same power? Perhaps 
it was only by chance that this radiation had been observed in uranium 
first, and had remained attached to ur anium in the minds of physicists. 
Now it must be sought for elsewhere. . . . 

No sooner said than done. Abandoning the study of uranium, Marie 
undertook to examine all known chemical bodies, either in the pure state 
or in compounds. And the result was not long in appearing: compounds 
of another element, thorium, also emitted spontaneo?’s rays like those of 
uranium and of similar intensity. The physicist had been right: the sur- 
prising phenomenon was by no means the property of uranium alone, 
and it became necessary to give it a distinct name. Mme Curie suggested 
the name of radioactivity. Chemical substances like uranium and thorium, 
endowed with this particular “radiance,” were called radio elements. 

Radioactivity so fascinated the young scientist that she never tired of 
examining the most diverse forms of matter, always by the same method. 
Curiosity, a marvelous feminine curiosity, the first virtue of a scientist, 
was developed in Marie to the highest degree. Instead of limiting her 
observation to simple compounds, salts and oxides, she had the desire to 
assemble samples of minerals from the collection at the School of Physics, 
and of making them undergo almost at hazard, for her own amusement, 
a kind of customs inspection which is an electrometer test. Pierre ap- 
proved, and chose with her the veined fragments, hard or crumbly, 
oddly shaped, which she wanted to examine. 

Marie’s idea was simple— simple as the stroke of genius. At the cross- 
roads where Marie now stood, hundreds of research workers might have 
remained, nonplussed, for months or even years. Afier examining all 
known chemical substances, and discovering — as Marie had done — ^the 
radiation of thorium, they would have continued to ask themselves in 
vain whence came this mysterious radioactivity. Marie, too, questioned 
and wondered. But her siuprise was translated into fruitful acts. She had 
used up all evident possibilities. Now she turned toward the unplumbed 
and the unknown. 

She knew in advance what she would learn from an examination of the 
minerals, or rather she thought she knew. The specimens which con- 
tained neither uranium nor thorium would be revealed as totally “in- 
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active." The others, containing uranium or thorium, would be radioactive. 

Experiment confirmed this prevision. Rejecting the inactive minerals, 
Marie applied herself to the others and measured their radioactivity. 
Then came a dramatic revelation: the radioactivity was a great deal 
stronger than could have been normally foreseen by the quantity of 
uranium or thorium contained in the products examined! 

^t must be an error in experiment," the young woman thought; for 
doubt is the scientist s first response to an unexpected phenomenon. 

She started her measurements over again, unmoved, using the same 
products. She started over again ten times, twenty times. And she was 
forced to yield to the evidence: the quantities of uranium and of thorium 
found in these minerals were by no means suflBcient to justify the ex- 
ceptional intensity of the radiation she observed. 

Where did this excessive and abnormal radiation come from? Only 
one explanation was possible: the minerals must contain, in small quan- 
tity, a much more powerfully radioactive substance than uranium and 
thorium. 

But what substance? In her preceding experiments, Marie had already 
examined all known chemical elements. 

The scientist replied to the question with the sure logic and the mag- 
nificent audaciousness of a great mind: The minerals certainly containe<l 
a radioactive substance, which was at the same time a chemical element 
unknown until this day: a new element, 

A new element! It was a fascinating and alluring hj'pothcsis — but still 
a hypothesis. For the moment this powerfully radioactive substance 
existed only in the imagination of Marie and of Pierre. But it did exist 
there. It existed strongly enough to make the young woman go to see 
Bronya one day and tell her in a restrained, ardent voice: 

“You know, Bronya, the radiation that I couldn't explain comes from 
a new chemical element. The element is there and IVe got to find it. We 
are sure! The physicists we have spoken to believe we have made an error 
in experiment and advise us to be careful. But I am convinced that I am 
not mistaken." 

These were unique moments in her unique life. Tlie layman forms a 
theatrical — and wholly false — idea of the research worker and of his 
discoveries. “The moment of discovery" does not always exists the scien- 
tist's work is too tenuous, too divided, for the certainty of success to 
crackle out suddenly in the midst of his laborious toil like a stroke of 
lightning, dazzling him by its fire, Marie, standing in front of her ap- 
paratus, perhaps never experienced the sudden intoxication of triumph. 
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This intoxication was spread over several days of decisive labor, made 
feverish by a magnificent hope. But it must have been an exultant mo- 
ment when, convinced by the rigorous reasoning of her brain that she 
was on the trail of new matter, she confided the secret to her elder sister, 
her ally always. . . . Without exchanging one aflFectionate word, the two 
sisters must have lived again, in a dizzying breath of memory, their years 
of waiting, their mutual sacrifices, their bleak lives as students, full of 
hope and faith. 

It was barely four years before that Marie had written: 

Life is not easy for any of us. But what of that? We must have per- 
severance and above all confidence in ourselves. We must beheve that 
we are gifted for something, and that this thing, at whatever cost, must 
be attained. 

Tliat “something*’ was to throw science upon a path hitherto unsus- 
pc'cted. 

In a first communication to the Academy, pre.sented by Prof. Lippmarm 
and published in the Proceedings on April 12, 1898, Marie Sklodovska 
Curie announced the probable presence in pitchblende ores of a new 
element endowed with powerful radioactivity. This was the first stage of 
the discover)^ of radium. 

By the force of her own intuition the physicist had shown to herself 
that the wonderful substanc'e must exist. She decreed its existence. But 
its incognito still had to be broken. Now she would 1 ave to verify hy- 
pothesis by experiment, isolate this material and see it. She must be able 
to announce with certainty; “It is there.” 

Pierre Curie had followed the rapid progress of his wife’s experiments 
with passionate interest. Without directly taking part in Marie’s work, 
he had frequently helped her by his remarks and advice. In \iew of the 
stupefying character of her results, he did not hesitate to abandon his 
study of crA’stals for the time being in order to join his eflForts to hers in 
the search for the new substance. 

Thus, when the immensity of a presc’ng task suggested and exacted 
collaboration, a great phvsicist was at Marie s side — a physicist who was 
the companion of her life. Tliree years earlier, love had joined this ex- 
ceptional man and woman together — love, and perhaps some mysterious 
foreknowledge, some sublime instinct for the work in common. 

Tlie available force was now doubled. Tw^o brains, four hands, now 
sought the iinknowm clement in the damp little workroom in the Rue 
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Lhomond, From this moment onward it is impossible to distinguish each 
ones part in the work of the Curies. We know that Marie, having chosen 
to study the radiation of uranium as the subject of her thesis, discovered 
that other substances were also radioactive. We know that after the ex- 
amination of minerak she was able to announce the existence of a new 
chemical element, powerfully radioactive, and that it was tlie capital 
importance of this result which decided Pierre Curie to interrupt his very 
different research in order to try to isolate this element with his wife. At 
that time — May or June 1898 — a collaboration began which was to last 
for eight years, until it was destroyed by a fatal accident. 

We cannot and must not attempt to find out what should be credited 
to Marie and what to Pierre during these eight years. It would be exactly 
what the husband and wife did not want. The personal genius of Pierre 
Curie is known to us by the original work he had accomplished before 
tliis collaboration. His wife’s genius appears to us in the first intuition of 
discovery, the brilliant start; and it was to reappear to us again, solitary, 
when Marie Curie the widow unflinchingly carried the weight of a new 
science and conducted it, through research, step by step, to its harmoni- 
ous expansion. We therefore have formal proof that in the fusion of tlieir 
two efforts, in tliis superior alliance of man and woman, the exchange 
was equal. 

Let this certainty suffice for our curiosity and admiration. Let us not 
attempt to separate these creatures full of love, whose handwriting alter- 
nates and combines in tlie working notebooks covered with formulas, 
these creatures who were to sign nearly all their scientific publications 
together. They were to write “We found” and “We observed”; and when 
they were constrained by fact to distinguish between their parts, they 
were to employ this moving locution: 

Certain minerak containing uranium and thorium (pitchblende, chal- 
colite, uranite) are very active from the point of view of the emission of 
Becquerel rays. In a preceding communication, one of vs showed that 
their activity was even greater than that of uranium and thorium, and 
stated the opinion that this effect was due to some other very active sub- 
stance contained in small quantity in these minerals. 

(Pierre and Marie Curie: Proceedings of the Academy of Science, 
July 18, 1898.) 

Marie and Pierre looked for this “very active” substance in an ore of 
uranium called pitchblende, which in the crude state had shown itself to 
be four times more radioactive than the pure oxide of uranium that could 
be extracted from it But the aimposition of this ore had been known for 
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a long time with considerable precision. The new element must therefore 
be present in very small quantity or it would not have escaped the notice 
of scientists and their chemical analysis. 

According to their calculations — ^“pessimistic” calculations, like those of 
true physicists, who always take the less attractive of two probabilities — 
the collaborators thought tlie ore should contain the new element to a 
maximum quantity of one per cent. They decided that this was very 
little. Tliey would have been in consternation if they had known that the 
radioactive element they were hunting down did not count for more than 
a millionth part of pitdiblende ore. 

They began their prospecting patiently, using a method of chemical 
research invented by themselves, based on radioactivity: they separated 
all the elements in pitchblende by ordinary chemical analysis and then 
measured the radioactivity of each of the bodies thus obtained. By suc- 
cessive eliminations tliey saw the “abnormal” radioactivity take refuge in 
certain parts of the ore. As they went on, the field of investigation was 
narrowed. It was exactly the technique used by the police when they 
search the houses of a neighborhood, one by one, to isolate and arrest a 
malefactor. 

But there was more than one malefactor here: the radioactivity was 
t*oncentrated principally in two difiFerent chemical fractions of the pitch- 
blende. For M. and Mme Curie it indicated the existence of two new 
elements instead of one. By July, 1898, they were able to announce the 
disaivery of one of these substances with certainty. 

“You will have to name it,” Pierre said to his young wife, in the same 
tone as if it were a question of choosing a name for little Irene. 

The one-time Mile Sklodovska reflt'cted in silence for a moment. Then, 
her heart turning toward her own country which had been erased from 
the map of the world, she wondered vaguely if the scientific event would 
be published in Russia, Germany and Austria — the oppressor countries — 
and answered timidly: “Could we call it ‘polonium’?” 

In the Proceedings of the Academy for July, 1898, we read; 

We believe the substance we have extracted from pitchblende con- 
tains a metal not yet observed, related U bismuth by its analytical prop- 
erties, If the existence of this new metal is confirmed we propose to call 
it polonium, from the name of the original country of one of us. 

The choice of this name proves that in becoming a Frenchwoman and 
a physicist Marie had not disowned her former enthusiasms. Another 
thing proves it for us: even before the note “On a New Radioactive 
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Substance Contained in Pitchblende” had appeared in the Proceedings 
of the Academy, Marie had sent the manuscript to her native country, to 
that Joseph Boguski who directed the little laboratory at the Museum of 
Industry and Agriculture where she had made her first experiments. The 
communication was published in Warsaw in a monthly photographic 
review called Swiatlo almost as soon as in Paris. 

Life was unchanged in the little flat in the Rue de la Glaciere. Marie 
and Pierre worked even more than usual, that was all. When the heat of 
summer came, the young wife found time to buy some baskets of fruit in 
the markets and, as usual, she cooked and put away preserves for the 
winter, according to the recipes used in the Curie family. Then she 
locked the shutters on her windows, which gave on burned leaves; she 
registered their two bicycles at the Orleans station, and, like thousands 
of other young women in Paris, went off on holiday wdth her husband 
and her child. 

This year the couple had rented a peasant's house at Aiiroux, in 
Auvergne. Happy to breathe good air after the noxious atmosphere of 
the Rue Lhornond, the Curies made excursions to Monde, Puy, Clermont, 
Mont-Dore. They climbed hills, visited grottoes, bathed in rivers. E\ cry 
day, alone in the country, they spoke of what they called their “new 
metals,” polonium and “the other” — the one that remained to be hnind. 
In September tliey would go back to the damp workroom and the 
dull minerals; with freshened ardor they would take up their search 
again. . . . 

One grief interfered with Marie's intoxication for work: the Dhiskis 
were on the point of leaving Paris. Tliey had decided to settle in Austrian 
Poland and to build a sanatorium for tubercular sufferers at Zakopane 
in the Carpathian Mountains. The day of separation arrived. Marie and 
Bronya exchanged brokenhearted farewells; Marie was losing her friend 
and protector, and for the first time she had the feeling of exile. 

Marie to Bronya, December 2, 1898; 

You can't imagine what a hole you have made in my life. With you 
two, I have lost everything I clung to in Paris exi'ept my husband and 
child It seems to me that Paris no longer exists, aside from our lodging 
and the school where we work. 

Ask Mme Dluska if the green plant you left behind should be watered, 
and how many times a day. Does it need a great deal of heat and sun? 

We are well, in spite of the bad weather, the rain and the mud. Irfene 
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is getting to be a big girl. She is very difiBcult about her food, and aside 
from milk tapioca she will eat hardly anything regularly, not even eggs. 
Write me what would be a suitable menu for persons of her age. . . . 

In spite of their pros«aic character— or perhaps because of it — ^some 
notes written by Mme Curie in that memorable year 1898 seem to us 
worth quoting. Some are to be found in the margins of a book called 
Family Cooking, with respect to a recipe for gooseberry jelly: 

I took eight pounds of fruit and the same weight in crystallized sugar. 
After an ebullition of ten minutes, I passed the mixture through a rather 
fine sieve. I obtained fourteen pots of very good jelly, not transparent, 
which “took” perfectly. 

In a school notebook covered with gray linen, in which the young 
mother had written little Irene*s weight day by day, her diet and the ap- 
pearance nf her first teeth, we read under the date of July 20, 1898, some 
days after the publication of the discovery of polonium: 

Irene sa\'s “thanks” with her hand. She can walk very well now on all 
fours. She says “Ciogli, gogli, go.” She stays in the garden all day at 
Sccaux on a carpet. She can roll, pick hci.sclf up, and sit down. 

On August 15, at Auroux: 

Irene has cut her seventh tooth, on the lower left. She can stand for 
half a minute alone. For the past thiee davs we have bathed her in the 
river. She cries, but today (fourth bath) .she stopped ervung and played 
with her hands in the water. 

She plays with the cat and chases him with w^ar cries. She is not afraid 
of strangers any more. She sings a great deal. She gets up on the table 
wlien she is in her chair. 

Three months later, on October 17, Marie noted with pride: 

Ir^ne can walk vcr\^ well, and no longer goes on all fours. 

On January 5, 1899; 

Ir6ne has fifteen tccthl 

Between these two notes— tliat of October 17, 1898, in which Ir^ne 
no longer goes on all fours, and that of January 5 in which Irene has 
fifteen teeth — and a few months after the note on the gooseberry pre- 
serve, we find another note w'orthy of remark. 

It was drawn up by Marie and Pierre Curie and a collaborator called 
G. Biimont. Intended for the Academy of Scumce, and published in the 
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Proceedings of the session of December 26, 1898, it announced the ex- 
istence of a second new chemical element in pitchblende. 

Some lines of this commimication read as follows: 

The various reasons we have just enumerated lead us to believe that 
the new radioactive substance contains a new element to which we pro- 
pose to give the name of RADIUM. 

The new radioactive substance certainly contains a very strong pro- 
portion of barium; in spite of that its radioactivity is considerable. The 
radioactivity of radium therefore must be enormous. 


The foregoing consists of Chapter XU 
of Eve Curie’s madame cume. 
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V^harlcs Darwin was bom, as he telk us in this autobiography, on 
Februar) ’*», 1809, at Shrewsbury, England. On the same day, in a 
log cabin in the backwoods of the pioneer state of Kentucky, was 
bora Abraham Lincoln. Darwin was the grandson of the poet- 
naturalist Erasmus Darwin; his mother was the daughter of the great 
pottery maker Josiah Wedgwood; his cousin was Francis Galton. The 
family was distinguished in many walks of life, but especially in sci- 
ence; four of Darwin’s sons became prominent scientists, and three 
of them were knighted. He was not knighted himself. Evolution was 
too scandalous a doctrine for its leading spokesman to be so honored. 
Of course, he was the recipient of greater and more lasting honor 
than any English monarch could confer. 

Do we not believe him when he says that it was “truly surprising* 
to him that he “should have influenced to a considerable extent the 
belief of scientific men on some important points”? That is, we be- 
lieve in tlie sincerity of his surprise; no one can doubt the impor- 
tance of the revolution in thought he brought about. “My name 
ought to last for a few years,” he says. Again the simplicity of the 
remark seems the l>est proof of its sincerity. The “few years” have 
stretched to nearly a century, and it appears probable that the 
name of Darwin will be known as long as science endures. 

Most of the facts of his life are told us by himself. His diffidence 
may mask the truth that, despite the prior work of Wallace, the 
Origin of Species was as remarkable for its originality as for its 
eloquence. He charitably omits more than passing references to tire 
attacks that he, as its author, had to suffer for the remainder of his 
life. And we might not know from Darwin's account of them that 
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his other publications would have been sufficient in themselves to 
make him the leading naturalist of his time. 

Darwin died on April 19, 1882, and was buried in Westminster 
Abbey. His death occurred less than a year after the last paragraphs 
of his autobiography were written. 

Darwin’s Autobiography is not a formal work. He wrote it, he says, 
for amusement, and because it “might possibly interest” his de- 
scendants. He took “no pains about (the) style of writing.” Yet tlie 
little book is fascinating. We cannot put it down. Why is this? 

Perhaps it is because the very simplicity and ingenuousness of 
the account lend credence to it. It has been said that tlie hardest 
person to tell the trutli about is oneself. Darwin remarks that “no 
man can . . . correctly” describe the state of his own mind. Yet 
there are some things that a man knows about himself that no one 
else knows. These things are here. 

Three items, among many, are of particular interest. They are 
minutiae, perhaps, in the life of this great man, but significant ones. 
First, there is the fact that, in his old age, he had “wholly lost, to 
(his) great regret, all pleasure from poetry of any kind.” His 
mind, He felt, had “become a kind of machine for grinding general 
laws out of large collections of facts.” 

Darwin himself was concerned and puzzled by this. “Why this 
should have caused the atrophy of that part of the brain alone, on 
which the higher tastes depend,” he writes, “I cannot conceive.” 
He suggests that the loss might be due to weakness of intellect. Leav- 
ing aside this explanation, which seems unapt in his case, it is in- 
deed something to ponder. In other words, are science and art 
really so deeply opposed? Do they depend for their existence and 
appreciation on two quite different kinds of minds? 


Notes from the artist: '^Surrounding the seated figure of Darwin 
are some of the objects he studied while preparing his theory 
of evolution: primitive vertebrate, amphildan, finches, 
skull of Toxodon, jaw of Mylodon, foot of Macraiichenia, beetle, 
mollusk, fiatworms. Abo included is the 'Beagle* the ship <m which 
he voyaged for nearly five years while making his investigations. 

The quotation is from the Origin of Species." 
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Second, what he tells us about his methods of work is instructive. 
When writing a book, he made outline after outline, each longer and 
more detailed than those that preceded it. This is a good way to 
compose any expository work. Almost anyone can get guidance from 
the paragraphs in which he describes his habits of writing. 

Finally, there is his reply to the critics who claimed that he had no 
‘^wer of reasoning.” “I do not think that this can be true,” he says, 
”for the Origin of Species is one long argument from the beginning 
to the end ... No one could have written it without having some 
power of reasoning.” The wonderful charm of the man shines 
through that last sentence. The reader who does not smile at it would 
not smile at anything. 
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German editor having written to me for an account of 
the developnient of my mind and character with some sketch of my 
autobiography, I have thought that the attempt would amuse me, and 
might possibly interest rny children or their children. I know that it 
would have interested me greatly to have read even so short and diJl a 
sketch of the mind of my grandfather, written by himself, and what he 
thought and did, and how he worked. I have attempted to write the 
following account of myself, as if 1 were a dead man in another world 
looking back at my own life. Nor have I found tliis difficult, for life is 
nearly over with me. I have taken no pains about my style of writing. 

I was born at Sluewsbury on February 12, 1809, and my earliest recol- 
lection goes back only to when I was a few months over four years old, 
when we went to near Abergele for sea-bathing, and 1 recollect some 
events and places there with some little distinctness. 

My mother di(xi in July, 1817, when I was a little over eight years old, 
and it is odd that I can remember hardly anything about her except her 
death-bed, her black velvet gown, and her curiously constructed work- 
table. In the spring of tliis same year I was sent to a day-school in 
Shrewsbury, where 1 stayed a year. I have been told tliat I was much 
slower in h'aming than my younger sister Catherine, and I believe that 
I was in many ways a naughty boy. 

By the time I went to this day-school * my taste for natural history, and 
more cspcHjially for collecting, was well developed. I tried to make out 

1. Kept by Rev. G. Case, minister of the Unitarian Chapel in the High Street. 
Mrs. Dar\vin was u Unitaiian and attended Mr. Case's chanel, and my father 
as a little Ixiy went there willi his elder sisters. But lx)lh he luid his brother 
were ehrislentd and inlended to l>©!ong to the Church of England; and after 
his early lx)vlnK>d he .seems usually to have gone to church and not to Mr. 
Case's. It apjwars (St. James* Ckizette, Dec. 15, 1883) that a mural tablet has 
been erected to his memory in the which is now known as the ‘'Free 

Christian Churcli ." — Sir Fnincis Darwin. 
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the names of plants,* and collected all sorts of things, shells, seals, franks, 
coins, and minerals. The passion for collecting, which leads a man to be 
a systematic naturalist, a virtuoso, or a miser, was very strong in me, and 
was clearly innate, as none of my sisters or brother ever had this taste. 

One little event during this year has fixed itself very firmly in my mind, 
and I hope that it has done so from my conscience having been after- 
wards sorely troubled by it; it is curious as showing that apparently I 
was interested at this early age in the variability of plants! I told another 
little boy (I believe it was Leighton, who afterwards became a well- 
known lichenologist and botanist) that I could produce variously col- 
oured polyanthuses and primroses by watering them with certain col- 
oured fluids, which was of course a monstrous fable, and had never been 
tried by me. I may here also confess that as a little boy I was much given 
to inventing deliberate falsehoods, and tins was always done for the sake 
of causing excitement. For instance, I once gathered much valuable fruit 
from my father s trees and hid it in the shrubbery, and then ran in breath- 
less haste to spread the news that I had discovered a hoaid of stolen fruit. 

I must have been a very simple little fellow when I first went to the 
school. A boy of the name of Garnett took me into a cake-shop one day, 
and bought some cakes for which he did not pay, as the shopman trusted 
him. When we came out I asked him why he did not pay for them, and 
he instantly answered, “Why, do you not know that my uncle left a great 
sum of money to the town cm condition that every tradesman should give 
whatever was wanted without payment to any one who wore his old hat 
and moved [it] in a particular manner?” and he then showed me how it 
was moved. He then went into another shop where he was trusteed, and 
asked for some small article, moving his hat in the proper manner, and 
of course obtained it without payment. When we came out he said, “Now 
if you like to go by yourself into that cakc-shop (how well I remember 
its exact position) I will lend you my hat, and you can get whatever you 
like if you move the hat on your head properly.” I gladly acceptcnl the 
generous offer, and went in and asked for some cakes, moved tlie old hat 
and was walking out of the shop, when the shopman made a nish at me, 
so I dropped the cakes and ran for dear life, and was astonished by being 
greeted with shouts of laughter by my false friend Garnett. 


2. Rev. W. A. Leightcm, who was a schoolfellow of my father's at Mr. Case's 
school, remembers his bnnging a flowiT to school and saying that his mother 
bad taught him by IcKiking at the inside of the blossom the name of the plant 
could be* discovered. Mr. Leighton goes on, "Tins greatly roused my attc*n(ion 
and curiosity, and I inquired of him repeatedly how this could be done" — 
but his lesson wa.s naturally enough pot baiLsmissiblo. — F. D. 
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I can say in my own favour that I was as a boy humane, but I owed 
this entirely to the instruction and example of my sisters. I doubt indeed 
whether humanity is a natural or innate quality. I was very fond of col- 
lecting eggs, but I never took more than a single egg out of a bird s nest, 
except on one single occasion, when I took all, not for their value, but 
from a sort of bravado. 

I had a strong taste for angling, and would sit for any number of hours 
on the bank of a river or pond watching the float; when at Maer ® I was 
told that I could kill the worms with salt and water, and from that day I 
never spitted a living worm, though at the expense probably of some loss 
of success. 

Once as a very' little boy while at the day-school, or before that time, 
I acU^d cruelly, for I beat a puppy, I believe, simply from enjoying the 
sense of power; but the beating could not have been severe, for the puppy 
did not howl, of which I feel sure, as the spot was near the house. This 
act lay heavily on my conscience, as is showm by my remembering the 
exact spot where the c rime was committed. It probably lay all the heavier 
from my love of dogs bc‘ing (hen, and for a long time afterwards, a pas- 
sion. Dogs seemed to know this, for I was an adept in robbing their love 
from their masters. 

I remember clearly only one other incident during this year while at 
Mr. Case's daily school, namely, the burial of a dragoon soldier; and it 
is surprising how clearly I can still see the horse with tlie man's empty 
boots and carbine su.spendcxl to the saddle, and the firing ov er the grave. 
This sexme deeply stirre^d whatever poetic fancy there was in me. 

In the .summer of 1818 I went to Dr. Butler's gre-at school in Slirews- 
biiry, and remained there for seven years till midsummer 1825, when I 
was sixteen years old. I boarded at this schex)!, so that I had the great 
advantage of living the life of a true schoolboy; but as the distance was 
harcily more than a mile to my home, I very' often ran there in the longer 
intervals between the callings over and before locking up at night. This, 
I think, was in many ways advantageous to me by keeping up home affec- 
tions and interests. I remember in (he early part of my school-life that I 
often had to run very quickly to be in time, and from being a fleet runner 
was generally successful; but when in doubt T prayed earnestly to God 
to help me, and I well remember that I attributed my siic'cess to the 
prayers and not to my quick running, and marv'elled how generally I 
was aidc'd. 

I have heard my father and elder sister say that I had, as a very young 
3. The house of his uncle, Josiah Wc*dgwood. 
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boy, a strong taste for long solitary walks; but what I thought about I 
know not. I often became quite absorbed, and once, while returning to 
school on the summit of the old fortifications round Shrewsbuiy, which 
had been converted into a public foot-path with no parapet on one side, 
I walked off and fell to the ground, but the height was only seven or 
eight feet. Nevertheless the number of thoughts which passed through 
my mind during this very short, but sudden and wholly unexpected, fall 
was astonishing and seems hardly compatible with what physiologists 
have, I believe, proved about each thought requiring quite an appreci- 
able amount of time. 

Nothing could have been worse for the development of my mind than 
Dr. Butler^s school, as it was strictly classical, nothing else being taught, 
except a little ancient geography and history. The school as a means of 
education to me was simply a blank. During my whole life I liave been 
singilarly incapable of mastering any language. Espi'cial attention was 
paid to verse-making, and this I could never do well. I h<ul many friends, 
and got together a good collection of old verses, which by patching to- 
gether, sometimes aided by other boys, I could work into any subject. 
Much attention was paid to learning by heart the lessons of the previous 
day; this I could effect with great facility, learning forty or fifty lines of 
Virgil or Homer, while I was in morning chapel; but this^xercisc' was 
utterly useless, for every verse was forgotten in forty-eight hours. I was 
not idle, and, with the exception of versification, generally worktxl con- 
scientiously at my classics, not using cribs. Tlie solo pleasure I ever re- 
ceived from such studies was from some of the odes of Horace, which 1 
admired greatly. 

When I left the school I was for my age neither high nor low in it; and 
I believe that I was c'onsidered by all my masters and by iny father as a 
very ordinary boy, rather below the common standard in intellect. To 
my deep mortification my father once said to me, “You c are for nothing 
but shooting, dogs, and rat-catching, and you will be a disgrace to your- 
self and all your family." But my father, who was the kindt'st man I ever 
knew and whose memory I love with all my heart, must have bwn angry 
and somewhat unjust when he used such words. 

Looking back as well as I can at my character during my schcx)l-life, 
the only qualities which at this period promised well for the future were, 
that I had strong and diversified tastes, much zeal for whatever interc^sted 
me, and a keen pleasure in understanding any complex subject or thing. 
I was taught Euclid by a private tutor, and I distinctly n*member the 
intense satisfaction which the clear geometrical proofs gave me. I re^ 
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member, with equal distinctness, the delight which my uncle gave me 
(the father of Francis Calton) by explaining the principle of the vernier 
of a barometer. With respect to diversified tastes, independently of sci- 
ence, I was fond of reading various books, and I used to sit for hours 
reading the historical plays of Shakespeare, generally in an old window 
in the thick walls of the school. I read also other poetry, such as Thom- 
son's Seasons, and the recently published poems by Byron and Scott I 
mention this because later in life I wholly lost, to my great regret, all 
pleasure from poetry of any kind, including Shakespeare. In connection 
with pleasure from poetry, I may add that in 1822 a vivid delight in 
scenery was first awakened in my mind, during a riding tour on the 
lx>rders of Wales, and tliis has lasted longer than any other aesthetic 
pleasure. 

Early in my school-days a boy had a copy of the Wonders of the World, 
which I ofren read, and disputed with other boys about the veracity of 
some of the statements; and I believe that this book first gave me a wish 
to travel in remote countries, which was ultimately fulfilled by the voyage 
of the Beagle. In the latter part of my school-life I became passionately 
fond of shooting; I do not believe that any one could have shown more 
zeal for the most holy cause than I did for shooting birds. How well I 
remember killing my first snipe, and my excitement was so great that I 
had much difficulty in reloading my gun from the trembling of my hands. 
This taste long continued, and I became a very good shot. When at Cam- 
bridge I used to practise throwing up my gun to my shoulder before a 
looking-glass to see that I threw it up straight. Another and better plan 
was to get a friend to wave about a lightixl candle, and tlien to fire at it 
with a c‘ap on the nipple, and if the aim w^as accurate the little puff of air 
would blow out the ciindle. Tlie explosion of the cap caused a sharp 
crack, and I was told that the tutor of the a)llege remarked, ‘“What an 
extraordinary thing it is, Mr. Darwin seems to spend homrs in cracking a 
horsewhip in his room, for I often hear the crack w'hen I pass under his 
windows.” 

I had many friends among the schoolboys, whom I loved dearly, and I 
tliink that my disposition was tlien very affectionate. 

With respect to science, I continued collecting minerals with much 
zejil, but quite unscientifically — all that I cared about was a new-named 
mineral, and I hardly attempted to classify them. I must have observed 
insects with some little care, for when ten years old {1819) I w^ent for 
three weeks to Plas Edwards on the sea-coast in Wales, I was very mucli 
interested and surprised at seeing a large black and scarlet Hemipterous 
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insect, many moths (Zygaena), and a Cicindela, which are not found in 
Shropshire. I almost made up my mind to begin collecting all the insects 
which I could find dead, for on consulting my sister I concluded that it 
was not right to kill insects for the sake of making a collection. From 
reading White’s Selbome, I took much pleasure in watching the habits 
of birds, and even made notes on the subject. In my simplicity I remem- 
ber wondering why every gentleman did not become an ornithologist. 

Towards the close of my school-life, my brother worked hard at chem- 
istry, and made a fair laboratory with proper apparatus in the tool-house 
in the garden, and I was allowed to aid him as a servant in most of his ex- 
periments. He made all the gases and many compounds, and 1 read with 
great care several books on chemistry, such as Henry and Parkes’s Chem- 
ical Catechism. The subject interested me greatly, and we often used to 
go on working till rather late at night. This was the best part of my edu- 
cation at school, for it showed me practically the meaning of exjieri- 
mental science. The fact that we worked at chemistry somehow got 
known at school, and as it was an unprecedented fact, I was nicknamed 
“Gas.” I was also once publicly rebuked by the head master, Dr. Butler, 
for thus wasting my time on such useless subjects; and he called me very 
unjustly a poco curante [little concerned], and as I did not understand 
what he meant, it seemed to me a fearful reproach. ^ 

As I was doing no good at school, my father wisely took me away at 
a rather earlier age than usual, and sent me (October, 1825) to Edin- 
burgh University with my brother, where I stayed for two years or ses- 
sions. My brother was completing his medical studies, though I do not 
believe he ever really intended to practise, and I was sent there to com- 
mence them. But soon after this period I be^came convinced from various 
small circumstances that my father would leave me property enough to 
subsist on with some comfort, though I never imagined that I should be 
so rich a man as I am; but my belief was sufficient to check any strenu- 
ous efforts to learn medicine. 

The instruction at Edinburgh was altogether by lectures, and these 
were intolerably dull, with the exception of those on chemistry by Hope; 
but to my mind there are no advantages and many disadvantages in lec- 
tures compared with reading. Dr. Duncan’s lectures on materia mcdica 
at 8 o'clock on a winter's morning are something fearful to femember. 
Dr. Munro made his lectures on human anatomy as dull as ho was him- 
self, and the subject disgusted me. It has proved one of the greatest evils 
in my life that I was not urgecl to practise dissection, for I should soon 
have got over my disgust; and the practice would have been invaluable 
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for all my future work. This has been an irremediable evil, as well as my 
incapacity to draw. I also attended regularly the clinical wards in the 
hospital. Some of the cases distressed me a good deal, and I still have 
vivid pictures before me of some of them; but I was not so foolish as to 
allow this to lessen my attendance. I cannot understand why this part of 
my medical course did not interest me in a greater degree; for during the 
summer before coming to Edinburgh I began attending some of the poor 
people, chiefly children and women in Shrewsbury: I wrote down as full 
an ac'c'ount as I could of the case with all the symptoms, and read them 
aloud to my father, who suggested fiu-ther inquiries and advised me what 
medicines to give, which 1 made up myself. At one time I had at least a 
dozen patients, and I felt a keen interest in the work. My father, who was 
by far the be.st judge of character wliom I ever Lnew, declared that I 
should make a successful physician, meaning by this one who would get 
many patients. He maintained that the chief element of success was ex- 
citing confidence; but what he saw in me which convinced him that I 
should fTcate confid(mce I know^ not. I also attended on two occasions the 
operating theatre in the hospital at Edin])iirgh, and saw two very bad 
operations, one on a child, but 1 nished away liefore they were a)m- 
pleted. Nor did 1 ever attimd again, for hardly any inducement w^ould 
have been strong enough to make me do so, this being long before the 
blessed days of chloroform. The two cases fairly haunted me for many 
a long year. 

Mv brother stayed only one year at the Ihiiversity, so that during the 
st'C'ond year I w'as left to my own resources; and this was an adwmtage, 
for 1 became well acquainted with sev<*ral young men fond of natural 
science. One of these w^as Ainswx^rth, who afterwaids published his trav- 
els in As.syria; he was a Wernerian geologist, and knew a little about 
many subjects. Dr. Coldstream w^as a very different young man, prim, 
formal, highly religious, and most kindhearted; he afterw^ards publishcxl 
some g(X)d zoological articles. A third young man was Hardie, who 
would, 1 think, have made a good botanist, but died early in India. Lastly, 
Dr. Grant, my senior by several years, but how I became acquainted with 
him I cannot remember; he published some first-rate zoological papers, 
but after coming to London as professor in University College, he did 
nothing more in science, a fact which has alw^ays been inexplicable to me. 
I knew him well; he was dry and formal in manner, with much enthu- 
sia.sm beneath this outer cnist. He one day, when we were w^alking to- 
gether, burst forth in high admiration of Lamarck and his views on evolu- 
tion. I listened in silent astonishment, and as far as 1 can judge without 



Charles Darwin 


54 

any eflFect on my mind. I had previously read the Zoonomia of my grand- 
father, in which similar views are maintained, but without producing any 
effect on me. Nevertheless it is probable that the hearing rather early in 
life such views maintained and praised may have favoured my upholding 
them under a different form in my Origin of Species. At this time I ad- 
mired greatly the Zoonomia; but on reading it a second time after an 
interval of ten or fifteen years, I was much disappointed, the proportion 
of speculation being so large to the facts given. 

Drs. Grant and Coldstream attended much to marine zoology, and I 
often accompanied the former to collect animals in the tidal pools, which 
I dissected as well as I could. I also became friends with some of the 
Newhaven fishermen, and sometimes accompanied them when they 
trawled for oysters, and thus got many specimens. But from not having 
had any regular practice in dissection, and from possessing only a 
wretched microscope, my attempts were very poor. Nevertheless I made 
one interesting little discovery, and read, about the beginning of the year 
1826, a short paper on the subject before the Plinian Society. This was 
that the so-called ova of Flustra had the power of independent movement 
by means of cilia, and were in fact larvae. In another short paper I showed 
that the little globular bodies which had been supposed to be the young 
state of Fuats loreus were the egg-cases of the wormlike Pontobdella 
muricata. 

The Plinian Society was encouraged and, I believe, founded by Profes- 
sor Jameson: it consisted of students and met in an underground room 
in the University for the sake of reading papers on natural science and 
discussing them. I used regularly to attend, and the meeting had a good 
effect on me in stimulating my zeal and giving me new congenial ac- 
quaintances. One evening a poor young man got up, and after vStammer- 
ing for a prodigious length of time, bluslung crimson, he at last slowly 
got out the words, "Mr. President, I have forgotten what I was going to 
say." The poor fellow looked quite overwhelmed, and all the members 
were so surprised that no one could think of a word to say to cover his 
confusion. The papers which were read to our little sexiety were not 
printed, so that I had not the satisfaction of seeing my paper in print; 
but I believe Dr. Grant noticed my small discovery in his excellent mem- 
oir on Flustra. 

I was also a member of the Royal Medical Society, and attended pretty 
regularly; but as the subjects were exclusively mcxlical, I did not much 
care about them. Much rubbish was talked there, but there were some 
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good speakers, of whom the best was the present Sir J. Kay-Shuttleworth. 
Dr. Grant took me occasionally to the meetings of the Wernerian Society, 
where various papers on natural history were read, discussed, and after- 
wards published in the Transactions, I heard Audubon deliver there some 
interesting discourses on the habits of North American birds, sneering 
somewhat unjustly at Waterton. By the way, a Negro lived in Edinburgh 
who had travelled with Waterton, and gained his livelihood by stuffing 
birds, which he did excellently; he gave me lessons for payment, and I 
used often to sit with him, for he was a very pleasant and intelligent man. 

Mr. Leon.'u-d Homer also took me once to a meeting of the Royal So- 
ciety of Edinburgh, wliere I saw Sir Walter Scott in the chair as presi- 
dent, and he apologi/tHl to the meeting as not feeling fitted for such a 
position. I looked at him and at the whole scene with some awe and 
reverence, and I think it was owing to this visit during my youth, and to 
my havin^y attend(‘d the Royal Medical Society, that I felt the honour of 
being elected a few years ago an honorary member of both these societies 
more than any other similar honour. If I had been told at that time that 
I should one day have been thus honoured, I de^'lare that I should have 
thought it as ridiculous and improbable as if I had been told that I should 
be elected king of England. 

During my s<‘cond year at Edinburgh I attended Jamesons lectures 
on geology and zoology, but they were incredibly dull. Tlie sole effect 
they produced on me was the determination never as long as I lived to 
read a book on g(*ologv, or in any wav to study the science. Yet I feel 
sure that I was prepared for a philosophical treatment of the subject; for 
an old Mr. Cotton in Shropshire, who knew a good deal about rocks, had 
point txi out to me t^^'o or three years previously a well-known large er- 
ratic boulder in the toun of Shrew'sbury, called tlie ‘l^cll-stone”; he told 
mo that there was no rock of the same kind nearer than Cumberland or 
Scotland, and he solemnly assured me that tlie world would come to an 
end before anv one would Ix' able to explain how this stone came where 
it now lay. This produced a d(H*p impression on me, and I meditated 
over this wonderful stone. So I felt the keenest delight when I first read 
of the action of icelxTgs in transporting boulders, and I gloried in the 
pnigress of g«'ol()g)\ E(jually striking is the fact that I, though now only 
sixty-.seven years old, heard the pnffessor, in a field lecture at Salisbury 
Craigs, discoursing on a trap-dike, with amygdaloidal margins and the 
strata indurated on eac h side, with volcanic rocks all around us, say that 
it was a fissure filled with sediment from above, adding with a snt^r that 
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there were men who maintained that it had been injected from beneath 
in a molten condition. When I think of this lecture, I do not wonder that 
I determined never to attend to geology. 

From attending Jameson’s lectures, I became acquainted with the 
curator of the museum, Mr. Macgillivray, who afterwards published a 
large and excellent book on the birds of Scotland. I had much interesting 
natural-history talk with him, and he was very kind to me. He gave me 
some rare shells, for I at that time collected marine mollusca, but with 
no great zeal. 

My summer vacations during these two years were wholly given up to 
amusements, thougli I always had some book in hand, which I read with 
interest. During the summer of 1826 I took a long walking tour with two 
friends with knapsacks on our backs through North Wales. We walked 
thirty miles most days, including one day the ascent of Snowdon. I also 
went with my sister on a riding tour in North Wales, a servant with 
saddle-bags carrying our clothes. The autumns were devoted to shooting 
chiefly at Mr. Owens’, at Woodhouse, and at my Uncle Jos’s, ^ at Maer. My 
zeal was so great that I used to place my shooting-boots open by my bed- 
side when I went to bed, so as not to lose half a minute in putting tliem 
on in the morning; and on one occasion I reached a distant part of the 
Maer estate, on the 20th of August for black-game shooting, before I 
could see: I then toiled on with the gamekeeper the whole day through 
thick heath and young Scotch firs. 

I kept an exact record of every bird which I shot throughout the whole 
season. One day when shooting at Woodhouse wath Captain Owen, the 
eldest son, and Major Hill, his cousin, afterwards Lord Berwick, both of 
whom I liked very much, I thought myself shamefully use*d, for every 
time after I had fired and thouglit that I had killed a bird, one of the two 
acted as if loading his gun, and cried out, “You must not count that bird, 
for I fired at the same time,” and the gamekeeper, perceiving the joke, 
backed them up. After some hours they told me the joke, but it was no 
]oke to me, for 1 bad shot a large number o£ birds, but did not know how 
many, and could not add them to my list, which I used to do by making 
a knot in a piece of string tied to a button-hole. Tliis my wicked friends 
had perceived. 

How I did enjoy shooting! but I think that I must have been half-con- 
sciously ashamed of my zeal, for I tried to persuade myself that shooting 
was almost an intellectual employment; it required so much skill to judge 
where to find most game and to hunt tlie dogs well. 

4. Josiah Wedgwood, the son of the four.dcr of the Etniria Works. 
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One of my autumnal visits to Maer in 1827 was memorable from meet- 
ing thcTC Sir J. Mackintosh, who was the best converser I ever listened to. 
I heard afterwards with a glow of pride that he had said, “There is some- 
thing in that young man that interests me.” This must have been chiefly 
due to his perceiving that I listened with much interest to everything 
which he said, for I was as ignorant as a pig about his subjects of history, 
politics, and moral philosophy. To hear of praise from an eminent person, 
though no doubt apt or certain to excite vanity, is, I think, good for a 
young man, as it helps to keep him in the right coiu^e. 

My visits to Maer during these two or three succeeding years were 
(juitc delightful, independently of the autumnal shooting. Life there was 
perfectly free; the country was very pleasant for walking or riding; and 
in the evening thtTC was much very agreeable conversation, not so per- 
sonal as it generally is in large family parties, together with music. In the 
summer the whole family used often to sit on the steps of the old portico, 
with the iluwtr garden in front, and with the steep wooded bank opposite 
the house reflected in the lake, with here and there a fish rising or a water- 
bii'd paddling about. Nothing has left a more vivid picture on my mind 
than these evenings at Maer. 1 was also attached to and greatly revered 
niy Ihicle Jos; he was silent and reserved, so as to be a rather awful man; 
but he sometimes talked openly with me. He was tlie very type of an 
upright man, with the clearest judgment. I do not believe that any power 
on earth could have made him swerve an inch from what he considered 
the right course. I used to apply to him in my mind the well-known ode 
of Ilorac'e, now forgotten by me, in which the words ncc vuUus ttjranni 
[nor the frown of the tyrant], etc,,® come in. 

Cavilnulge 1828-1(831, After having spent two sessions in Edinburgh, 
my father perceived, or he heard from my sisters, that I did not like the 
thought of being a physician, so he proposed that I should become a 
clergyman. He was very properly vehement against my tiuning into an 
idle sporting man, which then seemed iny probable destination. I asked 
for soiive time to consider, as from what little I had heard or thought on 
the subject I had scruples about dt'claring my belief in all the dogmas of 

S Jiistum c‘t tenaoem propositi vinim 
Non c ivium ardor prava jubontiiini 
Non vultiis instantis tyranui 
Meute quatit solidu. 

[A just man and steadfast in his purpose is m)t shaken in his strong rt'soKv by the 
wicked ardour of the mob's command or the menacing tyrant's rrown. — Horaw, 
Oder.] 
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the Church of England; though otherwise I liked the thought of being a 
country clergyman. Accordingly I read with care Pearson on the Creed, 
and a few other books on divinity; and as I did not then in the least doubt 
the strict and literal tnith of every word in the Bible, I soon persuaded 
myself that our Creed must be fully accepted. 

Considering how fiercely I have been attacked by the orthodox, it 
seems ludicrous that I once intended to be a clergyman. Nor was this 
intention and my fathers wish ever formally given up, but died a natural 
death when, on leaving Cambridge, I joined the Beagle as naturalist. If 
the plu*enologists are to be trusted, I was well fitted in one respect to be a 
clerg)man. A few years ago the secretaries of a German psychological 
society a.sked me earnestly by letter for a photograph of myself; and some 
time after\vards I received the proceedings of one of the meetings, in 
which it seemed that the shape of my head had been the subject of a 
public discussion, and one of the speakers declared that I had the bump 
of reverence developed enough for ten priests. 

As it was decided that I should be a clergyman, it was necessary that 
I should go to one of the English universities and take a degree; but as I 
had never o|>ened a classical book since leaving school, I found to my 
dismay that in die two intervening years I had ac'tually forgotten, increil- 
ible as it may appear, almost everytliing which I had learned, even to 
some few of the Greek letters. I did not therefore proexjeefto Cambridge 
at the usual time in October, but worked witli a private tutor in Shrews- 
bury, and went to Cambridge after the Cliristmas vacation, early in 1828. 
I soon recovered my school standard of knowledge, and could translate 
easy Greek books, such as Homer and the Greek Testament, with moder- 
ate facility. 

During the three years which I spemt at Cambridge my time was 
w'asted, as far as the academical studies were conceme^d, as completely 
as at Edinburgh and at school. I attcrnptcxl mathematic's, and even went 
during the summer of 1828 with a private tutor (a very dull man) to 
Barmouth, but I got on very slowly. The work was repugnant to me, 
chiefly from my not being able to see any meaning in the early steps in 
algebra. This impatience was very foolish, and in after years I have deeply 
regretted that I did not proceed far enough at least to understand some- 
thing of the great leading principles of mathematics, for men thus en- 
dowed seem to have an extra sense. But I do not believe that I should 
ever have suc'ceeded beyond a verj' low grade. With respect to classics I 
did nothing except attend a fc*w compulsory college' lectures, and the 
attendance was almost nominal. In rny second year I had to work for a 
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month or two to pass the little-go,* which I did easily. Again, in my last 
year I worked with some earnestness for my final degree of B.A., and 
brushed up my classics, together with a little algebra and Euclid, which 
latter gave me much pleasure, as it did at school. In order to pass the 
B.A. examination, it was also necessary to get up Paley’s Evidences of 
Christianity, and his Moral Philosophy, This was done in a thorough 
manner, and I am convinced that I could have written out the whole of 
the Evidences with perfect correctness, but not of course in the clear 
language of Palcy. The logic of tliis book and, as I may add, of his Natu- 
ral Theology gave me as much delight as did Euclid. The careful study 
of these works, without attempting to learn any part by rote, was the 
only part of the academical course which, as I then felt and as I still 
believe, was of the least use to me in the education of my mind. I did not 
at that time trouble myself alxjut Palcy ’s premises; and taking these on 
trust, I was charmed and ct^nvinced by the long line of argumentation. 
By answtTing well the examination questions in Paley, by doing Eu- 
clid well, and by not failing miserably in classics, 1 gained a good place 
among the hoi polloi or ctowtI of men who do not go in for honours. 
Oddly enough, I cannot remember how high I stood, and my memory 
fluctuates between the fifth, tenth, or twelfth name on the list.^ 

Public lectures on several branches were given in the University, at- 
tendance being (juite voluntary; but 1 was so sickened with lectines at 
Edinburgh that 1 did not even attend Sedgwick\s eloquent and interest- 
ing lectures. Had I done so I should probably have b(‘come a geologist 
earlier than I did. I attended, how’evtT, Ilenslows Icvtures on Ix^tany, 
and liked them much for their extreme clearness, and the admirable 
illu.strations; but I did not study botany. Henslow used to take his pupils, 
including several of the oldcT members of the University, on field excur- 
sions, on foot or in coaciies, to distant places, or in a barge down the 
river, and lectured on the rarer plants and animals wdiich w*ere obseived. 
These excursions w'cre delightful. 

Although, as we shall presently see, there were some redeeming fea- 
tures in my life at Cambridge, my time w^as sadly wasted there, and worse 
than wasted. From my passion for shooting and for hunting, and, when 
this failed, for riding across cx)untrv, I got into a sporting set, including 
some dissipated low-minded young men. We used often to dine together 
in the evening, though these dinniTs often included men of a higher 


6. Tlio po])u]ar name, then in use, for the first examination for the B.A. degree. 

7. Tenth in tlu* list of January, 1831. 
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stamp, and we sometimes driink too much, with jolly singing and play- 
ing at cards afterwards. I know that I ought to feel ashamed of days and 
evenings tfius spent, but as some of my friends were very pleasant, and 
we were all in tlie highest spirits, I cannot help looking back to these 
times with much pleasure. 

But I am glad to tliink that I had many other friends of a widely dif- 
ferent nature. I was very intimate with Whitley,^ who was afterwards 
senior wrangler, and we used continually to take long walks together. 
He inoculated me with a taste for pictures and good engravings, of which 
I bought some. I frequently went to the Fitzwilliam Gallery, and my taste 
must have been fairly good, for I certainly admirtxl the best pictures, 
which I discussed with the old curator. I read also with much interest 
Sir Joshua Reynolds’ book. This taste, though not natural to me, lasted 
for several years, and many of the pichires in the National Gallery in 
London gave me much pleasure, that of Sebastiano del Piombo exciting 
in me a sense of sublimity. 

I also got into a musical set, I believe by means of my warm-hearted 
friend lierbert,® who took a liigh wrangler’s degri'c. From associating 
with these men, and hearing them play, I acquirc'd a strong taste for 
music, and used very often to time my walks so as to hear on weekdays 
the anthem in King’s College Chapel. This gave mo intent" pleasure, so 
that my backbone would sometimes shiver. I am sure that there was no 
aflFectation or mere imitation in this taste, for I used generally to go by 
myself to King’s College, and I sometimes hired the chorister boys to sing 
in my rooms. Nevertheless I am so utterly destitute of an eiu* that 1 can- 
not perceive a discord, or keep time and hiun a tune correctly; and it is 
a mystery how I could possibly have derived pleasure from music. 

My musical friends soon perceived my state, and sometimes amused 
themselves by making me pass an examination which consisted in ascer- 
taining how many tunes I c-ould recognize when they were played rather 
more quickly or slowly than usual. "God Save the King," when thus 
played, was a sore puzzle. There was another man with almost as bad 
an ear as I had, and strange to say he played a little on the flote. Once I 
had the triumph of beating him in one of our musical examinations. 

But no pursuit at Cambridge was followed with nearly so much ciir- 
neslness or gave me so much pleasure as collecting beetles. It was the 


8. Rov'. C Whifley, flon. Canon of Durham, formerly Reader in Natural Philosophy 
in I-)urham University. 

9. llie late John Maurice Herbert, Count/ Court Judj'e of Cardiff and th© Moninotith 
Circuit 
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mere passion for collecting, for I did not dissect them, and rarely com- 
pared their external characters with published descriptions, but got them 
named anyhow. I will give a proof of my zeal: one day, on tearing off 
some old bark, I saw two rare beetles, and seized one in each hand; 
then I saw a third and new kind, which I could not bear to lose, so 
that I popped the one which I held in my right hand into my mouth. 
Alas! it ejected some intensely acrid fluid, which burnt my tongue so 
that I was forced to spit the beetle out, which was lost, as was the third 
one. 

I was very successful in collecting, and inventcxi two new methods: 
I employed a labourer to scrape, during the winter, moss off old trees 
and place it in a large bag, and likewise to collec't the rubbish at the 
bottom of the barges in which reeds are brought from the fens, and thus 
I got some very rare species. No poet ever felt more delighted at seeing 
his first poem published than I did at st'eing, in Stephens* Illustrations of 
British lu6^t is, the magic words, ‘‘captured by C. Darwin, Esq.” I was 
introduced to entomology by my second cousin, W. Darwin Fox, a clever 
and most pleasant man, who was then at Christ’s College, and with whom 
I bc'came extremely intimate. Afterwards I became well acquainted, and 
went out collecting, with Albert Way of Trinity, who in after years be- 
came a well-known archaeologist; also witli H. Tliompson of the same 
college, afterwards a leading agriculturist, chairman of a great railway, 
and member of Parliament. It seems therefore that a taste for collecting 
beetles is some indication of future succ'ess in life! 

I am surprised what an indelible impression many of the beetles which 
I caught at Cambridge have left on my mind. I can remember the exact 
appearance of certain posts, old trees and biuiks where I made a good 
capture. The pretty Panagaeus crux-nuijor was a treasure in those days, 
and here at Down I saw a beetle nmning across a walk, and on picking 
it up instantly perceived that it differed slightly from P. crux-major, and 
it turned out to be P. qumlripunciatus, which is only a variety or closely 
allied species, differing from it very slightly in outline. I had never seen 
in those old days Licinus alive, which to an uneducated eye hardly differs 
from many of the black Carabidous beetles; but my sons found here a 
specimen, and I instantly recognized tliat it was new to me; yet I had not 
looked at a British beetle for the last twenty years. 

I have not as yet mentioned a circumstance which influenced my whole 
career more than any other. Tliis was my friendship with Professor Hens- 
low. Before coming up to Cambridge, I had heard of him from my brother 
as a man who knew every branch of science, and I was accordingly pre- 
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pared to reverence him. He kept open house once every week, when all 
imdergraduates, and some older members of the university, who were 
attached to science used to meet in the evening. I soon got, through Fox, 
an invitation, and went there regularly. Before long I became well ac- 
quainted with Henslow, and during the latter half of my time at Cam- 
bridge took long walks with him on most days, so that I was called by 
some of the dons “the man who walks with Henslow”; and in the evening 
I was very often asked to join his family dinner. His knowledge was great 
in botany, entomology, chemistry, mineralogy, and geology. His strongest 
taste was to draw conclusions from long-continued minute obser\'ations. 
His judgment was excellent, and his whole mind well balanced; but I do 
not suppose that any one would say that he possessed much original gen- 
ius. He was deeply religious, and so ortfiodox that he told me one day he 
should be grieved if a single word of the Thirty-nine Articles were altered. 
His moral qualities were in every way admirable. He was free from every 
tinge of vanity or other petty feeling; and I never saw a man who thought 
so little about himself or of his own concerns. His temper was imperturb- 
ably good, with the most winning and courteous manners; yet, as I have 
seen, he could be roused by any bad action to the wjurmest indignation 
and prompt action. 

I once saw in his company in the streets of Cambridge almost as horrid 
a scene as could have been witnessed during the French Revolution. Two 
body-snatchers had been arrested, and while being taken to prison liad 
been tom from the constable by a crowd of the roughest men, who 
dragged them by their legs along the muddy and stony road. Tliey w(to 
covered from head to foot with mud, and tfieir faces were bleeding either 
from having been kicked or from the stones; tliey looked like corpses, 
but the crowd was so dense that I got only a few moinentiuy glimpses of 
the wretched creatures. Never in my life have I seen such wTath painted 
on a man’s face as was shown by Henslow at this horrid setme. He tried 
repeatedly to penetrate the mob; but it was simply impossible. He then 
ruslied away to the mayor, telling me not to follow him but to get more 
policemen. I forget the issue, exc'cpt tliat the two men were got into the 
prison without being killed. 

Henslow’s benevolence was unbounded, as he proved by his many ex- 
cellent schemes for his poor parishioners when in after years he held the 
living of Hitcham. My intimacy with such a man ought to have been, and 
I hope was, an inestimable benefit. I cannot resist mentioning a trifling 
incident which showed his kind consideration. Wliile examining some 
pollen-grains on a damp surface, I saw the tubes exserted, and instantly 
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rushe<l oflF to communicate my surprising discovery to him. Now I do not 
suppose any other professor of botany could have helped laugfiing at my 
coming in such a hurry to make such a communication. But he agreed 
how interesting the phenomenon was, and explained its meaning, but 
mad(; me clearly understand how well it was known; so I left him not in 
the least mortified, but well pleased at having discovered for myself so 
remarkable a fact, but determined not to be in such a hurry again to 
communicate my discoveries. 

Dr. Whewell was one of the older and distinguished men who some- 
timivs visited Ilenslow, and on several occasions I walked home with him 
at night. Next to Sir J. Mackintosh he was the best converser on grave 
subjects to whom I ever listened. Leonard Jenyns,^^ who afterwards pub- 
lished some good essays in natural history,^' often stayed with Henslow, 
V ho was his brother-in-law. I visited him at his parsonage on the borders 
of the Fens fSwaflTiam Biilbeck] and had many a good walk and talk 
^^ith him about natural history. I became also acquainted with several 
oth(T int*n older than me, who did not care much about science, but were 
fri('nds of Henslow. One was a Scotchman, brother of Sir Alexander 
Ramsay, and tutor of J(.*sus College; he was a delightful man, but did not 
li\e for many years'. Another was Dr. Dawes, afterwards Dean of Here- 
ford, and famous for his success in the education of the poor. These men 
and others of the same standing, together with Henslow, used sometimes 
to take distant excursions into the c'ountry, which I was allowed to join, 
and thc'v were most agr<'eablo. 

Looking back, 1 int<T that there must have been !ninething in me a 
little superior to the c-oniinon nin of youths, otherwise the above-men- 
tioned men, so much older than me and higher in academical position, 
w'ould never hav(‘ allowed me to associate with them. Certainly I w^as 
not aware of any such superiority, and I remember one of my sporting 
friends, TunuT, wdio saw me at w ork with my beetles, saying that I should 
some das’ be a fellow' of the Royal Sexiety, and the notion seemed to me 
prepost(*rous. 

During my last ye'iir at Cambridge, I read with care and profound in- 
terest Humboldt’s Vcrsmuil Narrative. This work, and Sir J. Herschers 
Introduction to the Study of Natural Philosophy, stirred up in me a burn- 
ing zeal to add even the most humble contribution to the noble structure 
of natural science. No one or a dozen other books influenced me nearly so 

10. 'Hie woll-known Soame Jcnvns was cousin to Mr. Jcn\Tis father. 

11. Mr. Jciiyns (now Blomefuiil) describtd tlie fish for the zoology of the Beagle; 
and is author of a long seiies of papeis, chiefly zoological. 
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much as these two. I copied out from Humboldt long passages about 
Tenerife, and read them aloud on one of the above-mentioned excursions 
to (I think) Henslow, Ramsay, and Dawes, for on a previous occasion I 
had talked about the glories of Tenerife, and some of the party declared 
they would endeavour to go there; but I think that they were only half in 
earnest. I was, however, quite in earnest, and got an introduction to a 
merchant in London to inquire about ships; but the scheme was, of 
course, knocked on the head by the voyage of the Beagle. 

My summer vacations were given up to collecting beetles, to some 
reading, and short tours. In the autumn my whole time was devoted to 
shooting, chiefly at Woodhouse and Maer, and sometimes with young 
Eyton of Eyton. Upon the whole the three years which I spent at Cam- 
bridge were the most joyful in my happy life; for I was then in excellent 
health, and almost always in high spirits. 

As I had at first come up to Cambridge at Christmas, I was forced to 
keep two terms after passing my final examination, at the commencement 
of 1831; and Henslow then persuaded me to begin the study of geology. 
Therefore on my return to Shropshire I examined sections, and colourcHl 
a map of parts round Shrewsbury. Professor Sedgwick intended to visit 
North Wales in the beginning of August to pursue his famous geologic'al 
investigations among the older rocks, and Henslow aske^ him to allow 
me to accompany him.^ Accordingly he came and slept at rny father s 
house. 

A short conversation with him during tliis evening prcxlueed a strong 
impression on my mind. While examining an old gravel-pit near Shrews- 
bury, a labourer told me tliat he had found in it a large worn tropical 
volute shell, such as may be seen on the chimney-pieces of cottages; and 
as he would not sell the shell, I was c'onvinc'cd that he had really found 
it in the pit. I told Sedgwick of the fact, and he at once said ( no doul>t 
truly) that it must have been thrown away by some one into the pit; but 
then added, if really embedded there it would be the greatest misfor- 
tune to geology, as it would overthrow all that we know about the super- 
ficial deposits of the Midland counties. These gravel-beds belong in fact to 
the Glacial period, and in after years I found in them broken arciic shells. 


12. In connection with this tour my father list'd to tell a story alnitit St'd^iek; 
They had started from their inn one mominc, and had walled a mile or two, 
when Sedgwick suddenly stopped, and vowed that he would return, being cer- 
tain “that damned scoundrel'^ (the waiter) had not given the chambermaid the 
sixpenc'e entrusted to him for the purpose. He was ultimately persuaded to give 
up the project, seeing that there was no reason for suspecting the waiter of 
especial pc^rfidy. — F*. D. 
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But I was tlien utterly astonished at Sedgwick not being delighted at so 
wonderful a fact as a tropical shell being found near the surface in the 
middle of England. Nothing before had evc^r made me thoroughly realize, 
though I had read various scientific books, that science consists in group- 
ing facts so that general laws or conclusions may be drawn from them. 

Next morning we started for Llangollen, Conway, Bangor, and Capel 
Curig. This tour was of decidc^l use in teaching me a little how to make 
out the geology of a country. Sedgwick often sent me on a line parallel 
to his, telling me to bring back specimen of the rocks and to mark tlie 
stratification on a map. I have little doubt that he did this for my goml, 
as 1 was too ignorant to have aided him. On this tour I had a sinking in- 
stan(*e of how easy it is to overlook phenomena, however conspicuous, 
bcfoio thc^y have been obser\ed by any one. We spent manv hours in 
(>wm Idwal, examining all the rocks with extreme care, as Sedgwick was 
anxious to find fossils in them, but neither of ns saw a trace of the won- 
derful glacial phenomena all around us: we did not notice the plainlv 
.scored rocks, the* pt*rched boulders, the lateral and tenninal moraines. 
Yet these phenomt*na are so conspicuous that, as 1 declared in a pape^ 
published many years afterwards in the Philosojyhwal Magazine, a house 
burnt dowm by fire did not tell its story more plainly than did this valley. 
If it had still been fill<*d by a glacier, the phenomena would have been 
less distinct tlian they now are. 

At Capei Curig 1 h‘ft Sedgwick and went in a straight line by ctimpa.ss 
and map across the mouiilains to Barmouth, newer following anv track un- 
less it t'oinckled with iny cx^urse. I thus came on some strange wild places, 
and enjoyexl much this manner of travelling. I visited Barmouth to sex* 
some Cambridge friends who were reading there, and thence returned 
to Shrewvsbury and to Maer for shooting; for at that time 1 should have 
thought myseif mad to give up the first days of partridgt'-shooling for 
geolog)^ or any other scienc'e. 

VOYAGE OF THE ‘"bEAGLe” 

FROM DECEMBER 27, 183I, TO OCTOBER 2 , 1836 

On returning home from my short geological tour in North Wales, I 
found a letter from Henslow, informing me that Captain Fitz-Roy was 
willing to give up part of his own cabin to any young man who would 
voluntt'er to go wdth him without pay as naturalist to the voyage of the 
Beag/e. I have given, as I believe, in my MS. Journal an account of all 
tlio circumstances which then occurred, I will here only say that I was 
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instantly eager to accept the offer, but my father strongly objected, add- 
ing the words, fortunate for me, “If you can find any man of aiininon 
sense who advises you to go I will give my consent.*' So I wrote that eve- 
ning and refused tlie offer. On tlie next moniing I went to Maer to be 
ready for September i, and, while out shooting, my uncle sent for me, 
offering to drive me over to Slirewsbury and talk witli my father, as my 
uncle thought it would be wise in me to accept the offer. My father al- 
ways maintained that he was one of the most sensible men in the world, 
and he at once consented in the kindest manner. I had been rather ex- 
travagant at Cambridge, and to console my father, said, “that I should 
be deuced clever to spend more than my allowance while on board the 
Beagle"; but he answered witli a smile, “But they tell me you are very 
clever.” 

Next day I started for Cambridge to see Henslow, and thence to Lon- 
don to see Fitz-Roy, and all was soon arranged. Afterwards, on becoming 
very intimate with Fitz-Roy, I heard that I had run a very narrow risk 
of being rejected, on account of the shape of my nosel He was an ardent 
disciple of Lavater, and was convinced that he could judge of a man's 
character by the outline of his features; and he doubt(*d whether any one 
with my nose could possess suflBcient energy and determination for the 
voyage. But I think he was afterwards well satisfied thaj^ my nose had 
spoken falsely. 

Fitz-Roy's character was a singular one, with very many noble fea- 
tures: he was devoted to his duty, generous to a fault, bold, determined, 
and indomitably energetic, and an ardent friend to all under his sway. 
He would undertake any sort of trouble to assist those whom he thought 
deserved assistance. He was a handsome man, strikingly like a gentleman, 
with highly courteous manners, which resembled those of liis maternal 
uncle, the famous Lord Castlereagh, as I was told by the minister at Rio. 
Nevertheless he must have inherited much in his appearance from 
Charles II, for Dr. Wallich gave me a cx)llection of photographs which 
he had made, and I was struck with the resemblance of one to Fitz-Roy; 
and on looking at the name, I found it Ch. E. Sobieski Stuart, Count 
d'Albanie, a descendant of the same monarch. 

Fitz-Roy's temper was a most unfortunate one. It was usually worst in 
the early morning, and with his eagle eye he could generally detect some- 
thing amiss about the ship, and was then unsparing in his blame. He was 
very kind to me, but was a man very difficult to live with on the intimate 
terms which necessarily followed from our messing by ourselves in the 
same cabin. We had several quarrels; for instance, early in the voyage 


13. Jostah Wedgw(X)cl. 
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at Bahia, in Brazil, he defended and praised slavery, which I abominated, 
and told me that he had just visited a great slave-owner, who had called 
up many of his slaves and asked them whether they were happy, and 
whether they wished to be free, and all answered “No.” I then asked him, 
perhaps with a sneer, whether he thought that the answer of slaves in 
the presence of their master was worth anything. This made him exces- 
sively angry, and he said that as I doubted his word we could not live any 
longer together. I thought that I should have been compelled to leave 
the ship; but as soon as the news spread, which it did quickly, as the 
captain sent for the first lieutenant to assuage his anger by abusing me, 
I was deeply gratified by receiving an invitation from all the gun-room 
officers to mess with them. But after a few hours Fitz-Roy showed his 
actual magnanimity by sending an officer to me with an apology and a 
recjuest that I would continue to live with him. 

His character was in several respects one of the mo.st noble which I 
have ever known. 

The voyage of the Beagle has been by far the most important event in 
my life, and has determined my whole career; yet it depended on so small 
a drcumstance as my uncle offering to drive me thirty miles to Shrews- 
bury, which few uncles would have done, and on such a trifle as the shape 
of my nose. I have always felt that I owe to the voyage the first real train- 
ing or education of my mind; I was led to attend closely to several 
branches of natural history, and thus my powers of observation were im- 
proved, though tliey were always fairly developed. 

The investigation of the geology of all the places visited was far more 
important, as reasoning here comes into play. On first examining a new 
district nothing can appear more hopeless than the chaos of rocks; but 
by recording the stratification and nature of the rocks and fossils at many 
points, always reasoning and predicting what will be found elsewhere, 
light soon begins to dawn on the district, and the structure of the whole 
becomes more or less intelligible. T had brought with me the first volume 
of I.ycirs Principles of Geology^ which I studied attentively; and the book 
was of the highest st'rvice to me in many ways. The ver)’ first place which 
I examined, namely St. Jago in the Cape de Verde Islands, showed me 
clciuly the wonderful superiority of Lvell’s manner of treating geology, 
compared with that of any other author whose works I had with me or 
ever afterwards read. 

Another of my occupations was collecting animals of all classes, briefly 
describing and roughly dissecting many of the marine ones; but from not 
being able to draw, and from not having sufficient anatomical knowledge, 
a great pile of MS. which I made druring the voyage has proved almost 
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useless. I thus lost much time, with the exertion of that spent in acquir- 
ing some knowledge of the crustaceans, as this was of service when in 
after years I undertook a monograph of the Cirripedia. 

During some part of the day I wrote my Journal, and took much pains 
in describing carefully and vividly all that I had seen; and this was good 
practice. My Journal served also, in part, as letters to my home, and por- 
tions were sent to England whenever there was an opportunity. 

The above various special studies were, however, of no importance 
compared with the habit of energetic industry and of concentrated atten- 
tion to whatever I was engaged in, which I then acquired. Everything 
about which I thought or read was made to bear directly on what I had 
seen or was likely to see; and this habit of mind was continued during the 
five years of the voyage. I feel sure that it was this training which has 
enabled me to do whatever I have done in science. 

Looking backwards, I can now perceive how my love for scionc'e grad- 
ually preponderated over every other taste. During the first two years my 
old passion for shooting survived in nearly full force, and I shot myself all 
the birds and animals for my collection; but gradually I gave up rny gun 
more and more, and finally iJtogethcr, to my servant, as shooting inter- 
fered with my work, more especially with making out the gc^ological 
structure of a country, I discovered, though unconsciously and insensibly, 
that the pleasure of observing and reasoning was a much higher one than 
that of skill and sport. That my mind became developed through my pur- 
suits during the voyage is rendered probable by a remark made by my 
father, who was the most acute observer whom I ever saw, of a sceptical 
disposition, and far from being a believer in phrenology; for on first see- 
ing me after the voyage, he turned round to my sisters, and exclaimed, 
‘Why, the sliape of his head is quite altered.'* 

To return to the voyage. On September ii ( 1831 ), I paid a flying visit 
with Fitz-Roy to the Beagle at Plymouth. Thence to Shrewsbury to wish 
my father and sisters a long farewell. On Octolxjr 24 I tCK>k up my resi- 
dence at Plymouth, and remained there until Dcctmljer 27, when the 
Beagle finally left the shores of England for her circumnavigjation of the 
world. We made two earlier attempts to sail, but were driven back each 
time by heavy gales. Tliese two montlis at Plymouth were the most miser- 
able wl)ich I ever spent, though I exerted myself in various ways. I was 
out of spirits at the thought of leaving all my family and friends for so 
long a time, and the weather seemed to me inexpressibly gloomy. I was 
also troubled with palpitation and pain about the heart, and like many 
a young ignorant man, especially ore with a smattering of medical knowl- 
edge, was c'onvinced that I had heart disease. I did not consult any doc- 
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tor, as I fully expected to hear the verdict that I was not fit for tlie voyage, 
and I was resolved to go at all hazards. 

I need not here refer to the events of the voyage — where we went and 
what we did — as I have given a suflBciently full accc^unt in my published 
Journal. Tlie glories of tlie vegetation of the Tropics rise before my mind 
at the present time more vividly than anything else, though the sense of 
saiblimily, which the great deserts of Patagonia and the forest-clad moim- 
tains of Ticrra del Fuego excited in me, has left an indelible impression 
on my mind. The sight of a naked savage in his native land is an event 
which can never be forgotten. Many of my exemsions on horse-back 
tlirough wild countries, or in the boats, some of which lasted several 
weeks, were deeply interesting; their discr)mfort and some degree of 
danger were at that time hardly a drawback, and none at all afterwards. 
I also reflect with high satisfaction on some of my scientific work, such 
as solvini^ the problem of coral islands, and making out the geological 
stnictine of certain islands, for instance, St. Helena. Nor must I pass over 
the discovery of the singular relations of the animals and plants inhabit- 
ing tlie several islands of the Galapagos Archipelago, and of all of them 
to the inhabitants of South Americ a. 

As far as I can judge of myself, I worked to the utmost during the voy- 
age from the mere pleasure of investigation, and from my strong desire 
to add a few facts to the great mass of facts in natural scienc'e. But I was 
also ambitious to take a fair place among scientific men — whether more 
iuribitic^us or less so than most of my fellow- workers, I can form no 
opinion. 

The geology of St. Jago is wry striking, yet simple: a stream of lava 
Icmncrly flowcxl over the bed of the sea, formed of tritiu-ated recent 
shells and corals, whic’h it has baked into a hard white rock. Since then 
the whole island has been uphcavi*d. But the line of white rock revealed 
to me a new and important fact, nainelv, that there had been afterwards 
subsidence round the craters, which had since been in action, and had 
poured forth lava. It then first dawned on me that T might perhaps write 
a book on the geology of the various countries visited, and this made me 
thrill with delight. That was a memorable hour to me, and how dfstinctly 
I can call to mind the low" cliff of lava beneath which I rested, wdth the 
sun glaring hot, a few strange desert plants growing near, and with living 
corals in the tidal pools at my feet. I.ater in the voyage, Fib/-Roy asked 
me to read some of my Journal, and decl«u*(*d it would be wmih publish- 
ing; so here was a second book in prospect! 

Towards the close of our voyage I rc'ceived a letter while at Ascension, 
in whi(»h my sisters told me tliat Sedgwick had called on iny father, and 
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said that I should take a place among the leading scientific men. I could 
not at the time understand how he could have learnt anything of my 
proceedings, but I heard (I believe afterwards) that Ilenslow had read 
some of tlie letters which I wrote to him before the Rhilosophical Society 
of Cambridge,^^ and had printed them for private distribution. My collec- 
tion of fossil bones, which had been sent to Henslow, also excited oon- 
siderable attention among palaeontologists. After reading this letter, I 
clambered over the mountains of Ascension with a bounding step, and 
made the volcanic rocks resound under my geological hammer. All this 
shows how ambitious I was; but I think that I can say with tiuth that in 
after years, though I cared in the highest degree for the approbation of 
such men as Lyell and Hooker, who were my friends, I did not care much 
about the general public. I do not meim to say that a favourable review 
or a large sale of my books did not please me greatly, but the pleasure 
was a fleeting one, and I am sure that I have never turned one inch out of 
my course to gain fame. 

FROM MY RETURN TO ENGLAND (OCTOBER 2, 1836) 
TO MY MARRIAGE (JANUARY 29, 1839) 

These two years and three months were the most ac^ve on(^ which I 
ever spent, tliough I was occasionally unwell, and so lost some time. AftcT 
going backwards and forv^ards several times betw^cen Shrewsbury, Maer, 
Cambridge, and London, I settled in lodgings at Cambridge on Decem- 
ber 13, where all my collections were under the c are of Henslow. I staye<l 
here tliree months, and got my minerals and rocks examined by the aid 
of Professor Miller. 

I began preparing my Journal of Travels, which was not hard work, as 
my MS. Journal had been written with care, and my chief labour was 
making an abstract of my more interesting scientific results. I sent also, at 
the request of Lyc*ll, a short account of my observations on the elevation 
of the C'oast of Chile to the Geological Society. 

On March 7, 1837 , 1 took lodgings in Great Marlborough Street in Lon- 
don, and remained there for nearly two years, until I was married. Dur- 
ing these two years I finished my Journal, read several papers before the 
Geological Society, began preparing the MS. for my Geological Observa- 
tions, and arranged for the publication of the Zoology of the Voyage of 
the Beagle. In July I opened my first note-book for facts in relation to the 

14. Read at t}»e meeting held November 16, 1835, and printed In a pamphlet of 
31 pages for distribution among the Members of the .society. 

15. In Fitzwilliam Streiet. 
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Origin of Species, al>oiit which I had long reflected, and never ceased 
working for the next twenty years. 

During these two years 1 also went a little into soc^ety, and acted as 
one of the honorary secretaries of the Geological Society. I saw a great 
deal of Lyell. One of his chief characteristics was his sympathy with the 
work of oth(Ts, and I was as much astonished as delighted at the interest 
which he showe<l when, on my return to England, I explained to him my 
vi(*ws on coral rc'cfs. This encouraged me greatly, and his advice and ex- 
ample had much influence on me. During this time I saw also a good deal 
of lh)b(Tt Brown; 1 used often to call and sit with him during his break- 
fast on Sunday mornings, and he poured forth a rich treasure of ciuioiis 
obst‘n'alion.s and acute remarks, but they almost always relatc^d to minute 
points, and hc^ iievcT with rne discussed large or general questions in 
science*. 

During th(*se two years T took st'veral short excursions as a relaxation, 
and one longer one to the l\arallel Roads of Glen Roy, an account of which 
was published in ihe Philosophical Transactions. This paper was a great 
failure, and I am ashamed of it. Having beem deeply impressed with what 
I had s(*en of the el(*\ation of the land of South America, I attributed the 
parallel lines to the ac'tion of the sc*a; but I hact to give up this view when 
Agassiz propoundcHl his glac*ier-lake theory. Because no other explanation 
was possible* under our then state of knowknlge, I argued in favour of 
s(^i action; and my c'rror has bec*n a good lesson to me never to trust in 
science to the princ iple of c*xclu.sion. 

As I was not able to work all day at scienc'e, I read a good deal during 
these Uvo years on various subjects, including some metaphysical books; 
but I was not w'<*ll fitted for such studies. About this time I took much 
delight in Wordsworth’s and Coleridge’s poetiy^ and can boast that I read 
the Excursion twice through. Formerly Milton’s Paradise Lost had been 
my chief favourite, and in my extnirsions during the voyage of the Beagk\ 
when 1 could take only a single volume, 1 idways chose Milton. 

FnO\f MY MAlUtlAGE, JANUARY 20 , 1839, 

AND RKSIDENCE IN UPTER GOWER STREET, TO OX^R 
LEAVING LONDON AND SETTLINt; AT DOWN, 
SEPTEMBER I4, 1842 

[After speaking of his happy married life, and of his children, he con- 
tinues:] 

During the three years and eight months while we resided in London, 
I did less scientific work, tfiough I workc'd as hard as I possibly could. 
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than during any other equal length of time in my life. Tliis was owing to 
frequently recurring unwellness, and to one long and serious ilhiess. The 
greater part of my time, when I could do anything, was devoted to my 
work on Coral Reefs, which I had begun before my marriage, and of whicJi 
the last proof-sheet was corrected on May 6, 1842. This book, though a 
small one, cost me twenty months of hard work, as I had to read 
every work on the islands of the Pacific and to consult many chfirts. It 
was thought highly of by scientific men, and the theory therein given is, 
I think, now well established. 

No other work of mine was begun in so d(Kiuctive a spirit as this, for 
the whole theory was thought out on the west cx)ast of South AmeTica 
before I had seen a true coral reef. I had therefore only to verify and ex- 
tend my views by a careful examination of living reefs. But it should be 
observed that I had during the two previous years been incessantly at- 
tending to the eflFects on the shores of South America of the intermittent 
elevation of the land, together with denudation and the deposition of 
sediment. This necessarily led me to reflect much on the eff<.»cts of subsiil- 
ence, and it was easy to replace in imagination the continued deposition 
of sediment by the upward growth of corals. To do tliis was to fonn my 
theory of the formation of barrier-reefs and atolls. 

Besides my work on coral reefs, during my residence in I^^ndon, I re^id 
before the Geological Society papers on the Erratic Bould(Ts of South 
America, on Eartliquakes, and on the Formation by the Agency of Earth- 
worms of Mould. I also continued to superintend the publication of the 
Zoology of the Voyage of the Beagle. Nor did I ever intermit collecting 
facts bearing on tlie Origin of Species; and I could sometimes do this 
when I could do nothing else from illness. 

In the summer of 1842 I was stronger than I had been for some time, 
and took a little tour by myself in North Wales, for the sake of observing 
the effects of the old glaciers which formerly filled all the larger valleys. 
I published a short account of what I saw in the Philosophical Magazine. 
This excursion interested me greatly, and it was the last time I was wer 
strong enough to climb mountains or to take long walks such as are nec- 
essary for geological work. 

During the early part of our life in Ix)ndon, I was strong enough to go 
into general scK'iety, and saw a good deal of several scientific men, and 
other more or less distinguished men. I will give my impressions with 
respect to some of them, though I have little to say worth saying. 

I saw more of Lyoll than of any other man, lx)th before and after my 
marriage. His mind was characterized, as it appeared to me, by cleamc?ss, 
caution, sound judgment, and a gcH)d deal of originality. When I made 
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any remark to him on geology, he never rested until he saw the whole 
case clearly, and often made me see it more clearly than I had done be- 
fore. He would advance all possible objections to my suggestion, and 
even after these were exhausted would long remain dubious. A second 
characteristic was his hearty sympathy with the work of other scientific 
men.^® 

On my return from the voyage of the Beagle, I explained to him my 
views on coral reefs, which differed from his, and I was greatly surprised 
and encouraged by the vivid interest which he showed. His delight in 
science was ardent, and he felt the keenest interest in the future progress 
of mankind. He was very kind hearted, and thoroughly liberal in his 
religious beliefs, or rather disbeliefs, but he was a strong theist. His can- 
dour was hi^ly remarkable. He exhibited this by l>ecoming a convert to 
the Descent theory, though he had gained much fame by opposing La- 
marck’s views, and tliis after he had grown old. He reminded me that I 
had many years before said to him, when discussing the opposition of the 
old school of gc^ologists to his new views, “What a good thing it would 
be if every scientific man was to die when sixty years old, as afterwards 
he would be sure to oppose all new doctrines.” But he hoped that now he 
might be allowed to live. 

The science of geology is enormously indebted to Lyell — ^more so, as I 
believe, than to any other man who ever lived. When [I was] starting on 
the voyage of the Beagle, the sagacious Henslow, who, like all other geol- 
ogists, believed at that time in successive cataclysms, advised me to get 
and study the first volume of the Principles, which had then just been 
published, but on no account to accept the views therein advocated. How 
differently would any one now speak of the Priru iplesI I am proud to 
remember that tlie first phicc, namely, St. Jago, in the Cape de Verde 
Archipelago, in which I geologized convinced me of the infinite supe- 
riority of Lyell’s views over those advocated in any other work known 
to me. 

Tlie powerful effects of Lycll’s works ctnild formerly be plainly seen 
in the different progress of the science in France and England. The pres- 
ent total oblivion of Elie dc Beaumont’s wild hypotheses, such as his 
Craters of Elevation and Lines of Elevation (which latter hypothesis I 
heard Scnlgwick at the Geological Society lauding to the skies), may be 
largely attributed to Lyell. 

I saw a good deal of Robert Brown, “facile Princeps Botanicorum,* as 

i6. Th« slight repetition hero ohservahlo is acrxiuntcd for by the notes on 
Lyell, etc, having been adthxl in April, 1881, a few years after tlie rest of tlie 
H('rolUTtU)ns weie wnltcn. 
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he was called by Humboldt. He seemed to me to be chiefly remarkable 
for the minuteness of his observations, and their perfect accuracy. His 
knowledge was extraordinarily great, and much died with him, owing 
to his excessive fear of ever making a mistake. He poured out his knowl- 
edge to me in the most unreserved manner, yet was strangely jealous on 
some points. I called on him two or three times before the voyage of the 
BeaglCy and on one occasion he asked me to look through a micTOscope 
and describe what I saw. This I did, and believe now that it was the 
marvellous currents of protoplasm in some vegetable cell. I then ask(‘(l 
him what I had seen but he answe^'ed me, ‘Tliat is my little seerf't.” 

He was capable of the most generous actions. When old, much out of 
health, and quite unfit for any exertion, he daily visit('d (as Hooker told 
me) im old man-servant, who lived at a distance (and whom he sup- 
ported), and read aloud to him. This is enough to make up for any de- 
gree of scientific penuriousness or jealousy. 

I may here mention a few other eminent men whom I have' occ asion- 
ally seen, but I have little to say about them worth saying. I felt a high 
reverence for Sir J. Ilerschel, and was delighted to dine with him at his 
charming house at the Cape of G(X)d Hope, and afterwards at his I.ondon 
house. I saw him, also, on a few other occa.sions. II(‘ never talki-d much, 
but every word which he uttered was worth listtming to. 

I once met at breakfa.st at Sir R. Murchison's Ikhisc the illustrious 
Humboldt, who honoured 'me by expressing a wish to se(‘ rTu\ 1 was a 
little disappointed with the great man, but iny anticipations probably 
were too high. 1 can remember nothing distinc*tly about our interview, 
except that Humboldt was very cheerful and talked mucli. 

[Speaking of H. Spencer] reminds me of Buckle, wIkmu I oucc iiu't at 
Henslcigh Wedgwood's. I was very glad to leam from him his system of 
collecting facts. He told me that he bought all the books which lu' read, 
and made a full index, to each, of the facts which he thought might prove 
serviceable to him, and that lie could always rernemlxT in what book h(‘ 
had read anything, for his memory was wonderful. I askcxl him how at 
first he could judge what facts would be servic(‘abl(\ and he answcTcd 
that he did not know, but that a sort of instinct guided him* From this 
habit of making indexes, he was enabled to give thf* astoni.shing number 
of references on all sorts of subjects, which may be found in hiS History of 
Civilisation. This book T thought most inte^resting, and read it twic e, but 1 
doubt whether his generalizations are worth anything. Buckle was a great 
talker, and I listened to him saying hardly a word, nor indeed could I have 
done so for he left no gaps. When Mrs. Farrer began to sing, I jumped up 
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and said that I must listen to her; after I had moved away lie turned 
around to a friend and said (as was overheard by my brother), “Well, 
Mr. Darwin’s books are much better than his conversation.” 

Of other great literary men, I once met Sydney Smith at Dean Mil- 
man s house. There was something inexplicably amusing in every word 
which he uttered. Perhaps this was partly due to the expectation of being 
amused. He was talking about Lady Cork, who was then extremely old. 
Tliis was the lady who, as he said, was onc'e so much affected by one of 
his charity sermons that she borrowed a guinea from a friend to put in 
the plate. He now said, “It is generally believed that my dear old friend 
Lady Cork has been overlooked,” and he said this in such a manner that 
no one (ould for a moment doubt that he meant tliat his dear old friend 
had been overlookcnl by the devil. How he managed to express this I 
know not. 

I likewise once met Macaulay at Lord Stanhope’s (the historian’s) 
house, and as tliere was only one other man at dinner, I had a grand op- 
portunity of hearing him converse, and he was very agreeable. He did 
not talk at all too much; nor indeed could such a man talk too much as 
long as he allowed others to turn the stream of his ainversation, and this 
he did allow. 

Ixird Stanhope once gave me a curious little proof of the accuracy and 
fulliK'ss of Macaulay’s memorv: many historians used often to meet at 
Lord Stanhope’s house, and in discussing various subjects they would 
sometimes differ from Macaulay, and fonnerly thev often referred to 
somt‘ book to see who was right; but latterly, as Lord Stanhope noticed, 
no historian ev(T totik this trouble, and whatever Macaulay said was final. 

On anotluT (x casion I met at Ix)rd Stanhope’s house one of his p;irties 
of historians and otlier literary men, and iunong them were Motley and 
Grote. After luncheon I walktxl about Chevening Park for niMrly an hour 
with Crole, and was much interested by his c'onversation luid pleased by 
the simplicity and absence of all pretension in his manners. 

Long ago I din(Hl (XTcasionally with the old Earl, the father of the his- 
torian; he was a strange man, but what little I knew of him I liked much. 
He was frank, genial, and pleasant. He had strongly marked fea- 
tures, with a brown complexion, and his clothes, when 1 saw him, were 
all brown. He seemetl to believe in ever^^thing which was to others utterly 
incredible. He said one day to me, “Why don’t you give up your fiddkv 
faddlc of geology and zoolog\\ and turn to the occult sciences?” The 
historian, then Lord Mahon, sc'emtxl shocked at such a spcx'ch to me, and 
his charming wife much amused. 



76 


Charles Darwin 


The last man whom I will mention is Carlyle, seen by me several times 
at my brother s house, and two or three times at my own house. His talk 
was very racy and interesting, just like his writings, but he sometimes 
went on too long on the same subject. I remember a funny dinner at my 
brother s, where, among a few others, were Babbage and Lyell, both of 
whom liked to talk. Carlyle, however, silenced every one by haranguing 
during the whole dinner on the advantages of silence. After dinner Bab- 
bage, in his grimmest manner, thanked Carlyle for his very interesting 
lecture on silence. 

Carlyle sneered at almost every one: One day in my house he called 
Crete’s History “a fetid quagmire, with nothing spiritual about it.” I al- 
ways thought, until his Reminiscences appeared, that his sneers were 
partly jokes, but this now seems rather doubtful. His expression was that 
of a depressed, almost despondent yet benevolent, man; and it is notori- 
ous how heartily he laughed. I beh'eve that his benevolence Wtis real, 
though stained by not a little jealousy. No one can doubt about his ex- 
traordinary power of drawing pictures of things and men — far more 
vivid, as it appears to me, than any drawn by Macaulay. Whether his 
pictures of men were true ones is another question. 

He has been all-powerful in impressing some grand moral truths on the 
minds of men. On the other hand, his views about slavery were revolting. 
In his eyes might was right. His mind seemed to me a very narrow one; 
even if all branches of science, which he despised, are excluded. It is 
astonishing to me that Kingsley should have sj^)oken of him as a man well 
fitted to advance science. He laughed to scorn the idea that a mathemati- 
cian, such as Whewell, could judge, as I maintained he could, of Goethe's 
views on light. He thought it a most ridiculous thing that any one should 
care whether a glacier moved a little quicker or a little slower, or moved 
at all. As far as I could judge, I never met a man with a mind so ill adaptcnl 
for scientific research. 

While living in London, I attended as regularly as I could the meetings 
of several scientific societies, and acted as secTctary to the Geological 
Society. But such attendance, and ordinary society, suited my health so 
badly that we resolved to live in the country, wliich we botii preferred 
and have never repented of. 

RESIDENCE AT DOWN FROM SEPTEMBER 1 4, 1842, 

TO THE PRESENT TIME, 1876 

After several fruitless searches in Surrey and elsewhere, we found this 
house and purchased it. 1 was pleastxl with the diversified appearance of 
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vegetation proper to a chalk district, and so unlike what I had been ac- 
customed to in the Midland counties; and still more pleased with the ex- 
treme quietness and rusticity of the place. It is not, however, quite so 
retired a place as a writer in a German periodical makes it, who says that 
my house can be approached only by a mule tracki Our fixing ourselves 
here has answered admirably in one way which we did not anticipate, 
namely, by being very convenient for frequent visits from our children. 

Few persons can have lived a more retired life than we have done. Be- 
sides short visits to the houses of relations, and occasionally to the sea- 
side or elsewhere, we have gone nowhere. During the first part of our 
residence we went a little into society, and received a few friends here; 
but my health almost always suifered from the excitement, violent shiver- 
ing and vomiting attacks being thus brought on. I have therefore been 
compelled for many years to give up all dinner-parties; and this has been 
somewhat of a deprivation to me, as such parties always put me into high 
spirits. From tlie same cause I have bet'n able to invite here very few 
scientific acquaintances. 

My chief enjoyment and sole employment throughout life has been 
scientific work; and the excitement from such work makes me for the 
b‘mc forget, or drives away, my daily disc'omfort. I have therefore nothing 
to record during the rest of my life, except tlie publication of my several 
books. Perhaps a few details how they arose may be worth giving. 

My several FublicMtions, In the early part of 1844, my observations on 
the volcanic islands visited diulng the voyage of the Beagle were pub- 
lished. In 1845 , 1 took much pains in correcting a new edition of my Jour- 
nal of Researches, which was originally published in 1839 as part of Fit:z- 
Roy's work. The success of this, my first literary child, always tickles my 
vam’ty more than that of any of my other books. Even to tliis day it sells 
steadily in England and the United States, and has been translated for 
the secxnid time into German, and into French and other languages. This 
success of a book of travels, especially of a scientific one, so many years 
after its first publication is surprising. Ten thousand copies ha.ve been 
sold in England of the second edition. In 1846 my Geological Observa- 
tions on South America were published. I record in a little diary, wliich 
I have always kept, that my tliree geological books ( Coral Reefs included ) 
consumed four and a half years' steady work; “and now it is ten years 
since my retiun to England. How much time have I lost by illness?" I 
have nothing to say about these three books except that to my surprise 
new editions have lately been called for. 

In October, 1846, I began to work on Cirripedia. W^ien on the coast 
of Chile, I found a most cmious form, which burrowed into the shells of 
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Concholepas, and which differed so much from all other Cirripedes that 
I had to form a new suborder for its sole reception. Lately an allied bur- 
rowing genus has been found on the shores of Portugal, To understand 
the structure of my new Cirripede I had to examine and dissect many of 
the common forms; and this gradually led me on to take up the whole 
group. I worked steadily on this subject for the next eight years, and ulti- 
mately pubUshed two thick volumes, describing all the known living 
species, and two thin quartos on the extinct species. I do not doubt that 
Sir E. Lytton Bulwer had me in his mind when he introduced in one 
of his novels a Professor Long, who had written two huge volumes on 
limpets. 

Although I was employed during eight years on this work, yet I record 
in my diary that about two years out of this time was lost by illness. On 
this account I went in 1S48 for some months to Malvern for hydropathic 
treatment, which did me much good, so that on my return home I was 
able to resume work. So much was I out of health that when my dear 
father died on November 13, 1848, I was unable to attend his funeral or 
to act as one of his executors. 

My work on the Cirripedia possesses, I think, considerable value, as 
besides describing several new and remarkable forms, I made out the 
homologies of the various parts — 1 discovered the cementing apparatus, 
though I blundered dreadfully about the cement glands — and lastly I 
proved the existence in certain genera of minute males complemental to 
and parasitic on the hermaphrodites. This latter discovery has at last been 
fully confirmed; though at one time a German writer was pleased to at- 
tribute the whole account to my fertile imagination. The Cirripedes form 
a highly varying and difficult group of species to class; and my work was 
of considerable use to me when I had to discuss in the Orifj^in of Species 
the principles of a natural classification. Nevertheless, I doubt whether 
the work was worth the consumption of so much time. 

From September, 1854 , 1 devoted my whole time to arranging my huge 
pile of notes, to observing, and to experimenting in relation to the trans- 
mutation of species. During the voyage of the Beagle I had been deeply 
impressed by discovering in the Pampean formation great fossil animals 
covered with armour like that on the existing armadillos; secondly, by 
the manner in which closely allied animals replace one another in pro- 
ceeding southwards over the continent; and thirdly, by the South Ameri- 
can character of most of the productions of the Galapagos Archipelago, 
and more especially by the manner in which they differ slightly on each 
island of the group, none of the islands appearing to be very ancient in a 
geological sense. 
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It was evident that such facts as these, as well as many others, could 
only be explained on the supposition that species gradually become modi- 
fied; and the subject haunted me. But it was equally evident that neither 
the action of the surrounding conditions nor the will of the organisms 
(especially in the case of plants) could account for the numerable cases 
in which organisms of every kind are beautifully adapted to their habits 
of life — for instance, a woodpecker or a tree-frog to cUmb trees, or a seed 
for dispersal by hooks or plumes. I had always been much struck by such 
adaptations, and until these could be explained it seemed to me almost 
useless to endeavour to prove by indirect evidence that species have been 
modified. 

After my return to England it appeared to me that by following the 
example of Lyell in geology, and by collecting all facts which bore in any 
way on the variation of animals and plants under domestication and na- 
ture, some light might perhaps be thrown on the whole subject. My first 
note-book ..as opened in July, 1837. I worked on true Baconian princi- 
ples, and without any theory collected facts on a wholesale scale, more 
especially with respect to domesticated productions, by printed inquiries, 
by conversation with skiKul breeders and gardemers, and by e.xtensive 
reading. When I see the list of books of all kinds which I read and ab- 
stracted, including whole series of Journals and Transactions, I am sur- 
prised at my industry. I soon perceived that selection was the keystone 
of man’s success in making useful races of animals and plants. But how 
selection could be applied to organisms living in a state of nature re- 
mained for sc^me time a mystery to me. 

In October, 1838, that is, fifteen months after I had begun my sj^stem- 
atic inquiry, I happened to read for amusement Malthus on Populalion, 
and being well prepared to appreciate the struggle for existence which 
everywhere goes on from long-continued observation of the habits of 
animals and plants, it at once struck me that under these circumstances 
favourable variations would tend to be preserved, and unfavourable ones 
to be destroyed. The result of this would be the formation of new species. 
Here then I had at last got a theory by which to work; but I was so anx- 
ious to avoid prejudice that I determined not for some linu* to write even 
the briefest sketch of it. In June, 1842, 1 first allowed myself the satisfac- 
tion of writing a very brief abstract of my thcoi-y in pencil in 35 pages; 
and this Wiis enlarged during the summer of 1S44 into one of 230 pages, 
which I had fairly copitxl out and still possess. 

But at that time I overlooked one problem of great importance; and it 
is astonishing to me. except on the principle of Columbus and his t^g, 
how I cx)uld have overlooked it and its solution. This problem is the tend- 
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ency in organic beings descended from the same stock to diverge in char- 
acter as they become modified. That they have diverged greatly is obvious 
from the manner in which species of all kinds can be classed under genera, 
genera under families, families tmder suborders and so forth; and I can 
remember the very spot in the road, while in my carriage, when to my joy 
the solution occurred to me; and this was long after I had come to Down. 
The solution, as I believe, is that the modified offspring of all dominant 
and increasing forms tend to become adapted to many and highly diver- 
sified places in the economy of nature. 

Early in 1856 Lyell advised me to write out my views pretty fully, and 
I began at once to do so on a scale three or four times as extensive as that 
which was afterwards followed in my Origin of Species; yet it was only 
an abstract of the materials which I had collected, and I got through 
about half the work on this scale. But my plans were overthrown, for 
early in the summer of 1858 Mr. Wallace, who was then in tlie Malay 
Archipelago, sent me an essay, "“On the Tendency of Varieties to depart 
indefinitely from the Original Type”; and this essay contained exactly 
the same theoiy as mine. Mr. Wallace expressed tlie wish that if I thought 
well of his essay I should send it to Lyell for perusal. 

The circumstances under which I consented at the recjuest of Lyell and 
Hooker to allow of an abstract from my MS., together with a letter to Asa 
Gray, dated September 5, 1857, to be published at the same time with 
Wallace’s essay are given in the Journal of the Proceedings of the Linnean 
Society, 1858, p. 45. I was at first very unwilling to consent, as I thought 
Mr. Wallace might consider my doing so unjustifiable, for I did not then 
know bow generous and noble was his disposition. Tlie extract from my 
MS. and the letter to Asa Gray had neither been intended for publication, 
and were badly written. Mr. Wallace’s essay, on the other hand, was ad- 
mirably expressed and quite clear. Nevertheless, our joint prcxluctions 
excited very little attention, and the only published notice of them which 
I can remember was by Professor Haiighton of Dublin, whose verdict 
was that all that was new in them was false, and what was true was old. 
This shows how necessary it is that any new view should be explained at 
considerable length in order to aroase public attention. 

In September, 1858, I set to work by the strong advice of Lyell and 
Hooker to prepare a volume on the transmutation of specios, but was 
often interrupted by ill health, and short visits to Dr. Lane’s delightful 
hydropathic establi.shment at Moor Park. I abstracted the MS. begun on 
a much larger scale in 1856, and completed the volume on the same re- 
duced scale. It cost me thirteen months and ten days’ hard labour. It was 
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published under the title of the Origin of Species, in November, 1859. 
Though considerably added to and corrected in the later editions, it has 
remained substantially the same book. 

It is no doubt the chief work of my life. It was from the first highly 
successful. Tlie first small edition of 1,250 copies was sold on the day of 
publication, and a second edition of 3,000 copies soon afterwards. Sixteen 
thousand copies have now ( 1876) been sold in England; and considering 
how stiff a book it is, tliis is a laige sale. It has been translated into al- 
most every European tongue, even into such languages as Spanish, Bo- 
hemian, Polish, and Russian. It has also, according to Miss Bird, been 
translated into Japanose,^^ and is there much studied. Even an essay in 
Hebrew has appeared on it, showing that the theory is contained in the 
Old Testament! The reviews were very numerous; for some time I col- 
lected all that appeared on the Origin and on my related books, and these 
amount ( excluding newspaper reviews ) to 265; but after a time I gave 
up tlie utt( iiipl in despair. Many separate essays and books on the subject 
have appeared; and in Germany a catalogue or bibliography on "Darwin- 
isinus” has appeared every yeiir or two. 

The success of the Origin may, 1 think, be attributed in large part to 
my having long before written two condensed sketches, and to my having 
finally abstracted a much larger manuscript, which was itself an abstract. 
By this means I was enabled to select the more striking facts and con- 
clusions. I had, also, during many years followed a golden rule, namely, 
that whenever a published fact, a new observation or thought came across 
me, which was opposed to my general results, to make a memorandum 
of it without fail and at once; for I had found by experience that such 
facts and thoughts were far more apt to escape from the memory tlian 
favourable ones. Owing to this habit, very few objections were raised 
against my views which I had not at least noticed and attempted to 
aiLSwer. 

It has sometimes been said tliat the succ'ess of the Origin proved “that 
the subject was in the air,” or “that men’s minds were prepared for it.” 
I do not think tliat tliis is strictly true, for I occasionally soimded not a 
few naturalists, and never happened to come across a single one who 
seemed to doubt about the permanence of species. Even Lyell and 
Hooker, though they would listen with interest to me, never seemed to 
agree. I tried once or twice to explain to able men what I meant by Nat- 
ural Selection, but signally failed. What I believe was strictly true is that 
innumerable well-observed facts were stored in the minds of naturalists 

17. Miss Bird Is mistaken, as I Icani from Professor Mitsuknri. — F, D. 
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ready to take their proper places as soon as tiny theory which would re- 
ceive them was suflScicntly explained. Another element in the success of 
the book was its moderate size; and this I owe to the appearance of Mr. 
Wallace's essay; had I published on the scale in which I began to write 
in 1856, the book would have been four or five times as large as the Ori- 
gin, and very few would have had the patience to read it. 

I gained much by my delay in publishing from about 1839, when the 
theory was clearly conceived, to 1859; and I lost nothing by it, for I cared 
very little whether men attributed most originality to me or Wallace; and 
his essay no doubt aided in the reception of the theory. I was forestalled 
in only one important point, which my vanity has always made me regret, 
namely, the explanation by means of the Glacial period of the presence of 
the same species of plants and of some few animals on distant mountain 
summits and in the Arctic Regions. This view pleased me so much that I 
wrote it out in extenso, and I believe that it was read by Hooker some 
years before E. Forbes published his celebrated memoir on the subject. 
In the very few points in which we diflFercd, I still think that I was in the 
right. I have never, of course, alluded in print to my having independently 
worked out this view. 

Hardly any point gave me so much satisfaction when I was at work on 
the Origin as the explanation of the wide ditlerence in maiy classes be- 
tween the embryo and the adult animal, and of the close resemblance of 
the embryos within the same class. No notice of this point was taken, as 
far as I remember, in the early reviews of the Origin, and I recollect ex- 
pressing my surprise on this head in a letter to Asa Gray. Within late 
years several reviewers have given the whiile credit to Fritz Muller and 
Hiickel, who undoubtedly have worked it out much more fully, and in 
some respects more correctly than I did. I had materials for a whole chap- 
ter on the subject, and I ought to have made the discussion longer; for it 
is clear that I failed to impress my readers, and he who succct^s in <l()ing 
so deserves, in my opinion, all the credit. 

This leads me to remark that I have almost always been treated honestly 
by my reviewers, passing over those without scientific knowletlge as not 
worthy of notice. My views have often been grossly misrepresented, bit- 
terly opposed and ridiculed, but this has been generally done, as I be- 
lieve, in good faith. On the whole I do not doubt that my works have beem 
over and over again greatly overpraised. I rejoice that I have avoided 
controversies, and this I owe to Lyell, who many years ago, in reference 
to my geological works, strongly advised me never to get entangled in a 
controversy, as it rarely did any good and caused a miserable loss of time 
and temper. 
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Whenever I have found out that I have blundered, or that my work 
has been imperfect, and when I have been contemptuously criticized, 
and even when I have been overpraised, so that I have felt mortified, it 
has been my greatest comfort to say hundreds of times to myself that “I 
have worked as hard and as well as I could, and no man can do more 
than this.” I remember when in Good Success Bay, in Tierra del Fuego, 
thinking (and, I believe, that I wrote home to the eflFect) that I could 
not employ my life better than in adding a little to natural science. This 
I have done to the best of my abilities, and critics may say what they like, 
but they cannot destroy tliis conviction. 

During the last two months of 1859 I was fully occupied in preparing 
a second edition of the Origin, and by an enormous correspondence. On 
January 1, i860, I began arranging my notes for mv work on the Varia- 
tion of Animals and Plants under Domestication; but it was not published 
until the beginning of 1868, the delay having been caused partly by fre- 
quent i!!ne5.3<i s, one of which lasted seven months, and partly by being 
tempted to publish on other subjects which at the time interested me 
more. 

On May 15, 1862, my little book on the Fertilisation of Orchids, which 
cost me ten montlis' work, was pubbshed, most of the facts had been 
slowly accumulated during several previous years. During the summer of 
1839, and, I believe, during the previous summer, I was led to attend to 
the cross-fertilisation of flowers by the aid of insects, from having come to 
the conclusion in my speculations on the origin of species that crossing 
played an important part in kt'eping specific forms constant. I attended 
to the subject more or less during every subsequent summer; and my in- 
terest in it was greatly enhanced by having procured and read in No- 
vember, 1841, through the advice of Robert Brown, a copy of C. K. 
SprengeVs wonderful book Das entdcckte Geheimnis der Natur [The 
Newly Revealed Mystery of Nature], For some years before 1862 I had 
specially attended to the fertilisation of our British orchids; and it seemed 
to me the best plan to prepare as complete a treatise on this group of 
plants as well as I could, rather than to utilize the great mass of matter 
which I had slowly collected with respect to other plants. 

My resolve proved a wise one, for since the appearance of my book, a 
surprising number of j)apers and separate works on the fertilisation of 
all kinds of flowers have appeared; and these are far better done than 
I could possibly have effected. The merits of poor old Sprengel, 
so long overlooked, are now fully recognized many years after his 
death. 

During the same year I published in the Journal of the Linnean Society 
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a paper ‘^On the Two Forms, or Dimorphic Condition of Primula,” and 
during the next five years, five other papers on dimorphic and trimorphic 
plants. I do not think anything in my scientific life has given me so much 
satisfaction as making out the meaning of the stnicture of these plants. 
I had noticed in 1838 or 1839 the dimorphism of Linum favtim, and had 
at first thought it was merely a case of unmeaning variability. But on 
examining the common species of Primula I found that the two forms 
were much too regular and c*onstant to be thus viewed. I therefore be- 
came almost convinced that the common cowslip and primrose were on 
the high road to become dioecious; that the short pistil in the one form 
and the short stamens in the other form were tending towards abortion. 
The plants were therefore subjected under this point of view to trial; but 
as soon as the flowers with short pistils fertilised with pollen from tlie 
short stamens were found to yield more seeds than any other of the four 
possible unions, the abortion theory was knocked on the head. After some 
additional experiment, it became evident that the two forms, though both 
were perfect hermaphrodites, bore almost the same relation to one another 
as do the two sexes of an ordinary animal. With Lythrum we have the 
still more wonderful case of three forms standing in a simihu relation to 
one another. I afterwards found that the oflFspring from the union of two 
plants belonging to the same forms presented a close and ciirioiLS analogy 
with hybrids from the union of two distinct species. 

In tlie autumn of 1864 I finished a long paper on Climbing Plants, and 
sent it to the Linnean Society. The writing of this paper cost me four 
months; but I was so unwell when I received the proof-sheets that I was 
forced to leave them very badly and often obscurely expressed. The paper 
was little noticed, but when in 1875 it was corrected and published as a 
separate book it sold well. I was led to tjike up this subject by reading 
a short paper by Asa Gray, published in 1858. He sent me seeds, and on 
raising some plants I was so much fascinated and perplexeii by the re- 
volving nv>vemcnts of the tendrils and stems, which movements are really 
very simple, though appearing at first sight very complex, that I procurt>d 
various other kinds of climbing plants, and studied the whol<^ subject. 1 
was all the more attractetl to it, from not being at all satisfied with the 
explanation which Henslow gave us in his lectures about twining plants, 
namely, that they had a natural tendency to grow up in a spire. This ex- 
planation proved quite erroneous. Some of the adaptations displayed by 
climbing plants are as beautiful as those of orchids for ensuring cross- 
fertilisation. 

My Variation of Animals and Plants under Domestication was begun, 
as already stated, in the beginning of i860, but was not published until 
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the beginning of 1868. It was a big book, and cost me four years and two 
months' hard labour. It gives all my observations and an immense num- 
ber of facts, collected from various sources, about our domestic produc- 
tions. In the second volume the causes and laws of variation, inheritance, 
etc., are discussed as far as our present state of knowledge permits. To- 
wards the end of the work I give my well-abused hypothesis of pangene- 
sis. An unverified hypothesis is of little or no value; but if any one should 
hereafter be led to make observations by which some such hypothesis 
could be established, I shall have done good service, as an astonishing 
number of isolated facts CcUi be thus amnected together and rendered 
intelligible. In 1875 a second and largely cx)iTected edition, which c'ost 
me a good deal of labour, was brought out. 

My Descent of Man was published in February, 1871. As soon as I had 
become, in the year 1837 or 1838, convinced that species are mutable 
productions, I could not avoid the Indief that man must come under the 
same law. Acc‘ordingly I collected notes on tlie subject for my own satis- 
faction, and not for a long time willi any intention of publishing. Although 
in the Origin of Species the derivation of any p^u-ticular species is never 
discussed, yet I thought it best, in (irder that no honourable man should 
accuse me of cTnicealing my views, to add that by the work "‘light 
would be thrown on the origin of man and his history.” It would have 
been useless and injurious to the success of the book to have pa- 
raded, without giving any evidenc'c, my conviction with respect to his 
origin. 

But when I found that many naturalists fully acx^epted the doctrine of 
the evolution of species, it seemed to me advisable to wwk up such notes 
as I possessed, and to publish a special treatise on the origin of man. I 
was the more glad to do so, as it gave me an opportunity' of fully discuss- 
ing sexual selection — a subjcK^t which had alway s greatly interested me. 
This subject, and that of the variation of our domestic productions, to- 
gether with the causes and laws of variation, inheritance, and the inter- 
crossing of plants, are tlie sole subjects which I have been able to wTite 
about in full, so as to use all the materials \vhich I have collected. The 
Descent of Man took me three y'cars to write, but then as usual some of 
this time was lost by ill health, and soine w'as consumed by preparing 
new txlitions and other minor works. A second and ku-gely corrected edi- 
tion of the Descent appeared in 1874. 

My book on the Exfn-ession of the Emotions in Men ami Animals was 
published in the autumn of 1872. I had intended to give only a chapter 
on the subject in the Descent of Man, but as soon as I began to put my 
notes tog(;dicr, I saw that it would require a separate treatise. 
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My first child was bom on December 27, 1839, and I at once com- 
menced to make notes on the first dawn of the various expressions which 
he exhibited, for I felt convinced, even at this early period, that the most 
complex and fine shades of expression must all have had a gradual and 
natural origin. During the summer of the following year, 1840, I read 
Sir C. BelFs admirable work on expression, and this greatly increased tlie 
interest which I felt in the subject, though I could not at all agree with 
his belief that various muscles had been specially created for the sake of 
expression. From this time forward I occasionally attended to the subject, 
both with respect to man and our domesticated animals. My book sold 
largely, 5,267 copies having been disposed of on the day of publication. 

In the summer of i860 I was idling and resting near Ilartfield, where 
two species of Drosera abound; and I noticed that numerous insects had 
been entrapped by the leaves. I carried home some plants, and on giving 
them insects saw the movements of the tentacles, and this made me tliink 
it probable that the insects were caught for some special purpose. For- 
tunately a crucial test occurred to me, that of placing a large number of 
leaves in various nitrogenous and non-nitrogenous fluids of equal density; 
and as soon as I found that the former alone excited energetic move- 
ments, it was obvious that here was a fine new field for investigation. 

During subsequent years, whenever I had leisure, I pursued my ex|ieri- 
ments, and my book on Insectivorous Plants was published in July, 1875 — 
that is, sixteen years after my .first obscrv'ations. Tlie delay in this case, as 
with all my other books, has been a great advantage to me; for a man 
after a long interval can criticize his own work, almost as well as if it 
were that of another person. Tlie fact that a plant should secrete, wlien 
properly excited, a fluid containing an acid and ferment, closely analo- 
gous to the digestive fluid of an animal, was certainly a reniiU-kable 
discxivery. 

During this autumn of 1876 I shall publish on the Effects of Cross and 
Self ’Fertilisation in the Vegetable Kingdom This book will form a com- 
plement to that on the Fertilisation of Orchids, in whicb I showed how 
perfect were the means for cross-fertilisation, and here I shall sliow how 
important are the resultsi I was led to make, during eleven years, the 
numerous expcTiments recorded in this volume, by a mere accidental 
observation; and indeed it reejuired the accident to be repeated before 
my attention was thoroughly aroused to the remarkable fact that seed- 
lings of self-fertilised parentage are infc?rior, even in the first generation, 
in height and vigour to seedlings of cross-fertilised parentage. I hope also 
to republish a revised edition of my bcx)k on orchids, and hereafter my 
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papers on dimorphic and Irimorphic plants, together with some additional 
observations on allied points which I never have had time to arrange. 
My strength will then probably be exhausted, and I shall be ready to 
exclaim **Nunc dimiitis” 

Written May 1, 1881. The Effects of Cross and Self -Fertilisation was 
published in the autumn of 1876; and the results there arrived at explain, 
as I believe, the endless and wonderful contrivances for the transportal of 
pollen from one plant to another of ^he same species. I now believe, how- 
ever, chiefly from the observations of Hermann Muller, that I ought to 
have insisted more strongly than I did on the many adaptations for self- 
fertilisation; though I was w ell aware of many such adaptations. A much 
enlargtHl edition of my Fertilisation of Orchids was published in 1877. 

In this same year The Different Forms of Flowers, etc., appeared, and 
in 1880 a second edition. Tins book consists chiefly of the several papers 
on heterostyled flowers originally published by the Lirmean Society, cor- 
n^eted, wHli *’^:uch now matter added, together with observations on some 
other cases in wdiich the same plant bears two kinds of flowers. As before 
remiU'ked, no little discwciy' of mine ever gave me so much pleasure as 
the making out the meaning of heterostyled flowers. The results of cross- 
ing such flowers in an illegitimate manner T believe to be very important, 
as bearing on the sterility of hybrids; although these results have been 
noticed by only a few persons. 

In 1879, I ^ translation of Dr. Ernst Krause’s Life of Erasmus 
Dartcin published, and I added a sketch of his character and habits from 
material in my possession. Many persons have been much interested by 
this little life, and I am surprised that only 800 or 900 copies were sold. 

Jn 1880 I published, with [my son] Frank’s assistance, our Fencer of 
Movement in Plants. This w^iis a tough piece of work. The book bears 
somewhat the same relation to my little book on Climbing Plants which 
Cross-Fertilisation did to the Fertilisation of Orchids; for in aca)rdance 
with the principle of evolution it was impossible to account for climbing 
plants liaving been developed in so many widely different groups unless 
all kinds of plants possess some slight powTr of movement of an analo- 
gous kind. This I proved to be the case; and I w as further led to a rather 
wide generalization, viz., that the great jud important classes of move- 
ments, excited by light, the attraction of gravity, etc., are all modified 
forms of the fundamental movement of circumnutation. It has ahvays 
pleased me to exalt plants in the scale of organizt'd beings; and I there- 
fore f('lt an especial jileasure in showing how' many and what admirably 
well-adapted movc'menls the tip of a rixit possesses. 
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I have now (May i, 1881 ) sent to the printers the MS. of a little book 
on The Formation of Vegetable Mould through the Action of Worms. 
This is a subject of but small importance; and I know not whether it will 
interest any readers/® but it has interested me. It is the completion of a 
short paper read before the Geological Society more than forty years 
ago, and has revived old geological tlioughts. 

I have now mentioned all the books which I have published, and these 
have been the milestones in my life, so that little remains to be said. I am 
not conscious of any change in my mind during the last tfiirty years, ex- 
citing in one point presently to be mentioned; nor, indeed, could any 
change have been expected unless one of general deterioration. But my 
father lived to his eighty-third year with his mind as lively as ever it was, 
and all his faculties undimined; and I hope that I may die before my 
mind fails to a sensible extent. I tliink that I have become a little more 
skilful in guessing right explanations and in devising experimental tests, 
but this may probably be the result of mere practice, and of a larger store 
of knowledge. I liave as much dilBculty as ever in expressing myself 
clearly and concisely; and this difficulty has caused me a very great loss 
of time; but it has had the compensating advantage of forcing me to think 
long and intently about every sentence, and thus I have been led to see 
errors in reasoning and in my own observations or those of others. 

There seems to be a sort of fatality in my mind leading fhe to put at 
first my statement or proposition in a wrong or awkward form. Formerly 
I used to think about my sentences before writing them down; but for 
several years I have found that it saves time to scnbble in a vile liand 
whole pages as quickly as I possibly can, contracting half the words; and 
then correct deliberately. Sentences thus scribbled down aie often better 
ones than I could have written deliberately. 

Having said thus much about my manner of writing, I will add that 
with my large books I spend a good deal of time over the general ar- 
rangement of the matter. I first make the nidest outline in two or three 
pages, and then a larger one in several pages, a few words or one word 
standing for a whole discussion or series of facts. Each one of these head- 
ings is again enlarged a^nd often transferred before I begin write in 
extenso. As in several of my books facts observed by others have been 
very extensively used, and as I have always had several quite distinct 
siibjects in hand at the same time, I may mention tliat I keep from thirty 
to forty large portfolios, in cabinets with labelled shelves, into which I 

18. Between November, j88i, ami February, 1884, 8,500 copie<i have Ix'en siold 
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can at once put a detached reference or memorandum. I have bought 
many books, and at their ends I make an index of all the facts that con- 
cern my work; or, if the book is not my own, write out a separate abstract, 
and of such abstracts I have a large drawer full. Before beginning on any 
subject I look to all tlie short indexes and make a general and classified 
index, and by taking the one or more proper portfolios I have all the 
iufonnation collected during my life ready for use. 

I have said that in one respect my mind has changed during the last 
twenty or thirty years. Up to the age of tliirty, or beyond it, poetry of 
many kinds, such as the works of Milton, Gray, Byron, Wordsworth, 
Coleridge, and Shelley, gave me great pleasTire, and even as a schoolboy 
I took intense delight in Shakespeare, especially in the historical plays. I 
have also said that formerly pictures gave me considerable, and music 
very great, delight. But now for many years I cannot endure to read a line 
of poetry: I have tried lately to read Shakespeare, imd found it so in- 
tolerably dr.r that it nauseated me. 1 have also almost lost my taste for 
picturcis or music. Music generally sets me thinking t(K> energetically on 
what I have been at work on, instead of giving me pleasure. I retain some 
taste for fine scenery, but it does not cause me the exquisite delight which 
it formerly did. On the other hand, novels wliich are works of the imagi- 
nation, tliough not of a very high order, hav e been for years a wonderful 
relief and pleasure to mo, and I often bless all novelists. A surprising 
number have been read aloud to me, and I like all if moderately good, 
and if they do not ™d unliappily — against which a law ought to be passed. 
A novel, accx)rding to my taste, does not come into the first class unless 
it contains some person whom one can thoroughly love, and if a pretty 
woman all the better. 

This curious and lamentable loss of the higher aesthetic tastes is all 
the odder, as books on history, biographies, and travels (independently 
of any scientific facets which they may contain), and c^'says on all sorts of 
subjects interest me as much as cvw they did. My mind seems to have 
become a kind of machine for grinchng general laws out of large collec- 
tions of facts, but why this should have caused the atrophy of that part 
of the brain alone on which the higher tastes depend I cannot conceive. 
A man with a mind more highly org;mi.^ d or better cx)n.stitutod than 
mine would not, I suppose, have thus suffered; and if I had to live my 
life again, I would have made a rule to read some piK'try and listen to 
some music at least once every week; for perhaps the parts of my brain 
now atrophietl would thus have been kept active through use. The loss 
of these tastes is a loss of happiness, and may pos.siblj' be injurious to the 
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intellect, and more probably to the moral character, by enfeebling the 
emotional part of our nature. 

My books have sold largely in England, have been translated into many 
languages, and passed through several editions in foreign countries. I 
have heard it said that the success of a work abroad is the best test of its 
enduring value. I doubt whether this is at all trustworthy; but judged by 
this standard my name ought to last for a few years. Therefore it may be 
worth-while to try to analyse the mental qualities and the conditions on 
which my success has depended; though I am aware that no man can do 
this correctly. 

I have no great quickness of apprehension or wit which is so remark- 
able in some clever men, for instance, Huxley. I am therefore a poor critic: 
a paper or book, when first read, generally excites my admiration, and it 
is only after considerable reflection that I perceive the weak points. My 
power to follow a long and purely abstract train of thought is very lim- 
ited; and therefore I could never have succeeded with metaphysics or 
mathematics. My memory is extensive, yet hazy: it suffices to make me 
cautious by vaguely telling me that I have observ^ed or read something 
opposed to the conclusion which I am drawing, or on the other hand in 
favour of it; and after a time I can generally recollect where to search 
for my authority. So poor in one sense is my memory that I have never 
been able to remember for more than a few days a single date or a line 
of poet^)^ 

Some of my critics have 'said, “Oh, he is a good observer, but he has 
no power of reasoningl” I do not think that this can be true, for the Ori- 
gin of Species is one long argument from the bc'ginning to the end, and 
it has convinced not a few able men. No one could have written it with- 
out having some power of reasoning. I have a fair share of invention, 
and of common sense or judgment, such as every fairly successful lawyer 
or doctor must have, but not, I believe, in any higher degre^e. 

On the favourable side of the balance, I think that 1 am superior to 
the common run of men in noticing things which easily (^cape attention, 
and in observing them carefully. My industry has been nearly as gre^at as 
it could have been in the observation and collection of facts. Wliat is far 
more important, my love of natural science has bc^en steady and ard('iit. 

This pure love has, however, been much aided by the ambition to be 
esteemed by my fellow naturalists. From my early youth I have had the 
strongest desire to understand or explain whatever I observed — that is, 
to group all facts under some general laws. '^Fliese causc‘s combined have 
given me the patience to r(‘flect or jKinder for any number of yc^ars over 
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any unexplained problem. As far as I can judge, I am not apt to follow 
blindly the lead of other men. I have steadily endeavoured to keep my 
mind free so as to give up any hypothesis, however much beloved ( and 
I cannot resist forming one on every subject), as soon as facts are shown 
to be opposed to it. Indeed, I have had no choice but to act in this man- 
ner, for with the exception of the coral reefs, I cannot remember a sin- 
gle first-formed hypothesis which had not after a time to be given up or 
greatly modified. This has naturally led me to distrust greatly deductive 
reasoning in the mixed sciences. On the other hand, I am not very scep- 
tical — a frame of mind which I believe to be injurious to the process of 
science. A good deal of sc^epticism in a scientific man is advisable to avoid 
much loss of time, but I have met with not a few men who, I feel sure, 
have often thus been deterred from experiment or (ibservations which 
would have proved directly or indirectly serviceable. 

In illustration, I wall give the oddest ease which I have known. A gen- 
tleman (wno, as 1 afterwards heard, is a good local botanist) wrote to me 
from the eastern counties that the seed or beans of the common field-bean 
had this year everywhere grown on the wrong side of the pod. I wrote 
back asking for further information, as I did not understand what was 
rnc'ant; but 1 did not re<;‘ci\'e any answer for a very long time. I then saw 
in two newspapers, one published in Kent and the other in Yorkshire, 
paragraphs stating that it was a most remarkable fact that “the beans this 
year had all grown on the wrong sid(‘.*’ So 1 thought there must be some 
foundation for so general a statement. Accordingly, I w^ent to my gar- 
dener, an old Kentish man, and asked him whether he luad heard any- 
thing about it, and he answ'cred, “Oh, no. Sir, it must be a mistake, for 
the beans grow* on the wrong side only on leap year, and this is not leap 
year.” I then asked him how they grew in common years and how on leap 
years, but soon found that he knew absolutely notliing of how they grew 
at any time, but he stuck to his belief. 

After a time I h(‘ard from iny first infonnant, who, with many apolo- 
gies, said that he should not have written to me had he not heard the 
statem(*nt from se\ eral intelligent farmers; but that he had since spoken 
again to every oiu' of them, and not one knew in the least what he 
had himself meant. So that here a belief — it indeed a statement with no 
definite' idea attached to it c an be called a belief — had spread over almost 
the whole of England without any vestige of evidence. 

I have known in the course of my life only three intentionally falsified 
statements, and om* of thc'se may have beem a hoax (and there liave been 
sc'vc'ral scientific hoaxes), which, howevcT, took in an American agricul- 
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tural journal. It related to the fonnation in Holland of a new breed of 
oxen by the crossing of distinct species of Bos (some of which I happen 
to know are sterile together), and the author had the impudence to state 
that he had corresponded with me, and that I had been deeply impressed 
with the importance of his result. The article was sent to me by the editor 
of an English agricultural journal, asking for my opinion before republish- 
ing it 

A second case was an account of several varieties raised by the author 
from several species of Primula, which had spontaneously yielded a full 
complement of seed, although the parent plants had been carefully pro- 
tected from the access of insects. This account was published before I 
had discovered the meaning of heterostylism, and the whole statement 
must have been fraudulent, or there was neglect in excluding insects so 
gross as to be scarcely credible. 

The third case was more curious: Mr. Huth published in his lx)ok on 
Consanguineous Marriage some long extracts from a Belgian author who 
stated that he had interbred rabbits in the closest manner for very many 
generations without the least injiuious effects. The account was published 
in a most respectable journal, that of the Royal Society of Belgium; but 
I could not avoid feeling doubts — I hardly know why, except that tlu^re 
were no accidents of any kind, and my experience in breeding animals 
made me think this very improbable. 

So with much hesitation 1, wrote to Professor Van Beiuxien, asking him 
whether the author was a trustworthy man. I soon heard in answer that 
the society had been greatly shocked by discovering that the \^'lu>le ac- 
count was a fraud.*® The writer had been publicly challenged in the jour- 
nal to say where he had resided and kept lus large slock of rabbits while 
carrying on his experiments, wluch must have C'onsumed several years, 
and no answer could be extracted from him. 

My habits are methodical, and this has been of not a little use for my 
particular line of work. Lastly, I have had ample Ictsiirc from not having 
to earn my own bread. Even ill health, though it has annihilated several 
years of my life, has saved me from the distractions of soci(‘ty a|id amuscs 
ment. 

Therefore my success as a man of science, whatever this may have 
amounted to, has been determined, as far as I can judge, by complex and 

19. The falscnm of Ihe niiblLshrd .statfmrnts on winch Mr. Ilnth relhxl has l>efin 
pointed out by biniself in a slip in.serted In all tlie of bis book which thtjn 

remained iins4jld. 
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diversified mental qualities and conditions. Of these, the most important 
have been — the love of science — unbounded patience in long reflecting 
over any subject — industry in observing and collecting facts — and a fair 
share of invention as well as of c'ommon sense. With such moderate abili- 
ties as 1 possess, it is truly surprising that I should have influenced to a 
considerable extent the belief of scientific men on some important points. 
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1823-1915 


Henri Fabre was born at St. Leons, in southern France, in 1823, 
the son of humble parents who could afford to give him only an 
elementary education. He studied at the normal school at Vaucluse, 
supporting himself, and became a teacher. He took a position in 
Corsica but had to leave it when he contracted malaria. In 1852 he 
began to teach at Avignon, where he remained for 20 years. During 
this period his salary never exceeded $320 a year. His ideas on 
pedagogy were in advance of his time; when he finally admitted 
girls to his science classes he was denounced and dismissed from his 
post. He was ejected, with his wife and five children, from his home, 
and was saved only by a loan from John Stuart Mill, with whom he 
had made a number of botanical excursions. 

Fabre now retired from teaching and supported himself by writing 
books of popular science. He paid back the loan and, after nine 
years, in 1879, bought the first piece of land he had ever owned. Its 
two and one-half sandy, scrubby acres, and his jov in their acquisi- 
tion, are described in the first of the selections that follow. Here, at 
Serignan, he gathered together the notes of a quarter of a century 
and began to produce his great work, the Souvenirs entomologiques, 
whose ten volumes were not completed till 1907. His laboratory, 
fitted with the most primitive equipment, gave evidence of his 
extraordinary industry. Not only were there the ten volumes, com- 
prising 2,500 pages and 850, oor) words, but in the floor of tlie labora- 
tory a path had been worn in the tiles by Fabre as he circled his 
table in his heavy peasant shoes. 

Upon the completion of his Sotwenirs, Fabre, who had worked in 
almost total ob-scurity. was .suddenly discovered by the leading 
literary figures of the time. He v/as showered with homage, and a 
jubilee in his honor was held at S«^rignan in 1910, when he was 86. 
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lie was nearly blind, and he was hardly able to recognize the Presi- 
dent of France who had journeyed from Paris to pay his respects. 
Fal)re died at Serignan, saddened by the war that had overwhelmed 
his beloved country, on October ii, 1935. 

ere, surely — and the list is far from complete — is a company 
both numerous and select, whose conversation will not fail to charm 
rny solitude, if I succeed in drawing it out.” Thus Fabre describes 
the insect population of his little fann at Serignan, his ‘‘abandoned, 
liarren, sun-scorched bit of land, favored by thistles and by wasps 
and bees.” It has been doubted whether any man ever appreciated 
su(‘h a worthless piece of land more. For Fabre, it was certainly not 
worthless. It was, in his words, “a laboratory in the open fields.” And 
it was in a laboratory, whether open or enclosed, that he was hap- 
piest. Despite tlie siiffeiing of his life, Fabre gives the impression of 
btdiig on(‘ of the happiest men who ever lived. He who loves insects 
is foi innate, lor tliere are so many of tliem. 

To I'abre, of coiuse, insects were not what they are to most people. 
Each was almost an individual; certainly each species was distinct. 
It is said that he overeinphasi/ed the importance of instinct in insect 
life. He thought wasps and bees were more limited in their freedom 
to adapt to circumstances llian certain modern entomologists be- 
lieve. But he came to his conclusions as a result ol obsenation so 
palic'iit and painstaking tluit it almost seems incredible. 

The Sacred Beetle, the second selection reprinted here, is, as its 
title suggc'sts, al)out one kind of insec t rather than many. The scarab, 
or dung-beetle (the nearest American relative is the june-bug), was 
one of Falue's fa\'orite insects. Pie spent nearly half a centur\' 
studying this thiewing, lazy, but also unbelievably industriems little 
animal. He seemed ne\’c^r to grow^ tirc^d of dung-beetles, nor did he, 
evidently, ewer become unaw are of how funny the fact might appear 
to some pc'ople. “W’hat excitement cner a single patc'h of cow- 
dungl” he writes, knowing full wx‘ll tP it the reader will smile imt 
only at the bcH'tle’s enthusiasm, but at the author’s, too. To Fabre the 
beetle's world was paii: of that “most wonderful of festivals, life’s 
.springtime awakening.” Life, any kind of life, no matter how 
humlde, was to Fabre a festival. Others might think this .silly or 
sad, but he could only watch and wonder. 

Fabre’s scientific purity must be defended. He appears, from one 
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point of view, to interject too much human morality into liis history 
of the dung-beetle. “These dung-rollers rob one another with a calm 
eflfrontery wliich, to my knowledge, is without a parallel,” he writes. 
The beetle’s “breach of trust rouses (his) indignation,” and he ob- 
serves that, in general, “the insect cares for nothing but itself.” But 
it is also apparent that his moralizing is done with tongue in cheek. 
In fact, he seems to accept the dung-beetle for what it is and makes 
no judgments for or against. He loves tlie insect in that sease — he 
does not want to change it. 

Fabre is a naturalist. What he observes, he studies in the round, 
as a whole. “To know thoroughly the history of the destroyer of our 
vines,” he writes, “might perhaps be more important than to know 
how this or that nerve-fibre of a Cirriped ends.” His is a laboratory 
of “living entomology,” and his data are histories, not isolated facts. 
He docs not seek for causes; it is enough for him that he (liscover 
what happens, not how it happens. That can come later, he sec'ms 
to imply, when patient men like him have done their work. 



A Laboratory 
oj the Open Fields ‘ 


travel the world, by land and sea, from pole to pole; to cross- 
question life, under every clime, in the infinite variety of its manifesta- 
tions: that surely would be glorious luck for liim that has eyes to see; and 
it formed fl - radiant dreiims of my young ye;irs, at the time when Robin- 
son Crusoe was my delight. These rosy illusions, rich in voyages, were 
soon succeeded by dull, stay-at-home reality. The jungles of India, the 
virgin forests of Brazil, the towering crests of the Andes, beloved by the 
condor, were reductxl, as a field for exploration, to a patch of pebbles en- 
closed witliin four walls. 

1 go the circuit of iny enclosure over and over again, a hundred times, 
by short stages; I stop here and I stop there; patiently, I put questions 
and, at long intervals, I receive some scrap of a reply. The smallest insec-t 
village has become familiar to me: I know each fnut-branch where the 
praying mantis perches; each bush where the pale ItaLan crickc-t strums 
amid the calmness of the summer nights; each downy plant scraped by 
the Anthidium, that maker of c^ottou bags; each cluster of lilac worked 
by tire Megachile, the leaf-cutttT. 

ThLs is what I wished for, iwc erat in votis: a bit of land, oh, not so very 
large, but fenced in, to avoid the drawbacks of a public way; an aban- 
doned, barren, sun-scorchtxl bit of land, favoured by thistles and by 
wasps and hoes. Here, without fear of being troubled by the pcissersby, 
I could consult the Ammophila and the *>phex and engage in that diffi- 
cult convorsalion whose questions and answers have experiment for their 

1. Among the insects named by Fabre, the Cicadella is a froghopper; the Scarab, 
LamelTiconis, Oryt'tes and C«*toninr are beetles; the Sphex, Arrunophiia, Orci'ris, 
Sti'zns, Pompilus, Pelopaeus, Polistes, Enmeiies, Scoliae and Bemlnves are wasps; 
the Ephippicer is a green grasshopper and the lialicti, Megachiles, Chalcicxxlomae, 
Osmiae, Anthophorae, Anthidium, Euct^rac, Macrocerae, Dasypodae and Andrenae 
art* all wild bevs. 
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language; here, without distant expeditions that take up my time, without 
tiring rambles that strain my nerves, I could contrive my plans of attack, 
lay my ambushes and watch their effects at ovevy hour of the day. Hoc 
erat in votis. Yes, this was my wish, my dream, always cherished, always 
vanisliing into the mists of the future. 

And it is no easy matter to acquire a laboratory in the open fields, 
when harassed by a terrible anxiety about ones daily bread. For forty 
years have I fought, with steadfast courage, against the paltry plague's 
of life; and the long-wi.shed-for laboratory has t'ome at last. What it has 
cost me in perseverance and relentless work I will not try to say. It has 
come; and, with it — a more serious condition — perhaps a little leisure. I 
say perhaps, for my leg is still hampered with a few links of the convict's 
chain. 

The wish is realized. It is a little late, O my prett)^ insectsi I greatly 
fear that the peach is offered to me when I am beginning to have n(^ teeth 
wherewith to eat it. Yes, it is a little late: the wide horizons of the outset 
have shrunk into a low and stifling canopy, more and more straitened day 
by day. Regretting nothing in the past, save those whom I have lost; re- 
gretting nothing, not even my first youth, hoping nothing either, I have 
reached the point at which, worn out by the experience of things, wc* ask 
ourselves if life be worth tlie living. 

Amid the ruins that surround me, one strip of wall remains standing, 
immovable upon its solid base: my passion for scientific truth. Is that 
enough, O my busy insec'ts, to enable me to add yet a few seemly pages 
to your history? Will my strength not cheat my good intentions? Why, 
indeed, did I forsake you so long? Friends have reproached me for it. 
Ah, tell them, tell those friends, who are yours as well as mine, tell th(‘m 
that it was not forgetfulness on my part, not weariness, nor n(*glect: I 
thought of you; I was convinced that the Cerceris cave had more fair 
secrets to nweal to us, that the chase of the Sphc'x held fresh surprises in 
store. But time failed me; I was alone, deserted, struggling against mis- 
fortune. Before philosophizing, one had to live. Tell them that; and they 
will pardon me. 

Others again have reproached me with my style, which hns not the 
solemnity, nay, better, the dryiu'ss of the schools. They fear Itst a page 
that is read without fatigue should not always be the expression of the 
truth. Were I to take their word for it, we are profound only on condi- 
tion of being ol)scure. C.ome here, one and all of you — you, the sting- 
bearers, and you, the wing-cas('d armour-clads — tak(‘ \ip iny defence and 
bear witness in my favour. Tell of the intimate terms on which I live 
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witli you, of the patience with which I observe you, of the care with which 
[ record your actions. Your evidence is unanimous: yes, my pages, though 
they bristle not with hollow formulas nor learned smatterings, arc the 
exact narrative of facts obs(‘rved, neither more nor less; and whoso cares 
to f|ueslion you in his turn will obtain the siune replies. 

And then, my dear insects, if you cannot convince those good people, 
Ix'cause you do not carry the weight of tedium, I, in my turn, will say 
to them: 

“You rip up the animal and I study it alive; you turn it into an object 
of horror and pity, whereas 1 cause it to be loved; you labour in a torture- 
cliainber and dissecting-room, I make my observations under the blue 
sky to the song of the cicadas, you siibject cell and protoplasm to chemi- 
cal tests, I study instinct in its loftiest manifestations; you pry into death, 

I pry into life. And why should I not complete my thought: the boars 
liave muddied the clear stream; natural histoiy, youth's glorious study, 
has, by dint oi cellular improvements, b(‘conie a hateful and repulsive 
tiling. \V('ll, if I v\Tit(* for men of h'aniing, for philosophers, who, one 
day, will try to some extent to unravel tlu‘ tough problem of instinct, I 
writ(‘ also, I write abov(‘ all things for the young. I want to make them 
love the natural history which you make them hate; and that is why, 
wliilc keeping strictly to the domain of truth, I avoid your scientific pn)se, 
which too often, alas seems borrowal from some Iroquois idiom!” 

Hut this i.s not mv busiiu'ss for the moment: 1 w ant to speak of the bit 
of land long cherished in mv plans to fonn a laboratory of living en- 
loiuologv, the bit of land which I have at last obtained in the solitude 
of a little villagi*. Tl is a lianiias^ the name given, in this district, to an 
untilled, p(*bblv e\])anse abandoned to the vegetatiun of the th)Tne. It 
is too p(K)r to repav the work of the plough; but the sheep passes there 
in spring, when it has ehanc't'd to rain and a little grass shoots up. 

Mv hannas, how^wer, because of its modicum of red earth swampiHl 
by a huge mass of stone's, has r(*ee*ived a rough first attempt at cultivation: 

1 am told that vine's oiuo grew’ he're. And, in fact, wdum w^e dig the ground 
before* planting a few tre*es, we tnin up, liere and there', remains of the 
pre'eious stock, half-carboni/ed by time. The three-prongexl fork, the're- 
fore*, the onlv imple'inent of hnsbandrv that cmii pemetrate .such a soil as 
this, has ente*r(*d here: and I am sorry, for the primitive vege'tation has 
disappeared. No more' thvme, no mexe las eaule'r, no more clumps of ker- 
me‘s oak, the dwarf oak that forms fon'sts across wdiiedi we step by length- 
e ning our stride' a little. As tlu'se' plants, t'spe'cially the first two, might 
be of use to me bv offering the be'cs and wasps a .spoil to forage. I am 
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compelled to reinstate them in the ground whence they were driven by 
the fork. 

What abounds witliout my mediation is the invaders of any soil that 
is first dug up and then left for a long time to its own resources. We have, 
in the first rank, the couch-grass, that execrable weed which three years 
of stubborn warfare have not succeeded in exterminating. Next, in re- 
spect of number, come the centauries, grim-looking one and all, bristling 
with prickles or starry halberds. Tliey are the yellow-flowered centaury, 
the mountain centaury, the star-thistle and the rough centaury: the first 
predominates. Here and there, amid their inextricable confusion, stands, 
like a chandelier with spreading, orange flowers for lights, the fierce Span- 
ish oyster-plant, whose spikes are strong as nails. Above it, towers the 
Illyrian cotton-thistle, whose straight and solitary stalk soars to a height 
of three to six feet and ends in large pink tufts. Its armour hardly yields 
before that of the oyster-plant. Nor must we forget the lcss(*i- thistle- 
tribe, with first of all, the prickly or “cruer thistle, which is so well anm‘d 
that the plant-collector knows not wdii're to grasp it; next, the spear-this- 
tle, with its ample foliage, ending each of its veins with a sp(‘ar-lu*ad; 
lastly, the black knap-weed, which gathers itself into a spiky knot. In 
among thc'se, in long lines armed with hooks, the shoots of the blue dew- 
berry creep along the ground. To visit the piickly thic ket when tlie w asj) 
goes foraging, you must wear boots that c'ome to mid-l(*g or tise r(*sigu 
yomself to a smarting in th^ calves. As long as the giound regains a few 
remnants of tlie vernal rains, this rude vegetation d()t‘s not lack a ( eitain 
charm, when the pyramids of the oyster-plant and the slender branches 
of the cotton-thistle rise above the wide carpet fonned by the yellow- 
flowered centaury safiFron heads; but let the droughts of summer come 
and we see but a desolate waste, which the flame of a match would sK 
ablaze from one end to the other. Such is, or rather was, when I took 
possession of it, the Eden of bliss where I mean to live* hencofortb alone 
with the insect. Forty years of desperate struggle have wM)n it f(jr mo. 

Eden, I said; and, from the point of view that inttTc^sts me, the expn's- 
sion is not out of place. This curscxl ground, which no one would have* 
had at a gift to .sow with a pinch of turnip-seed, is an earthly pfiradisc* for 
the bees and wasps. Its mighty growth of thistles and centauries diaws 
them all to me from everywhere around. Never, in my instxf-hnnting 
memories, have I seem so large a population at a single spot; all the traders 
have made it their rallying-[K>int. He^rc come hunters of every kind of 
game, builders in clay, weavers of cotton goods, cmllc‘ctors of |)iece.s c ut 
from a leaf or the petals of a flower, architex'ts in past(‘board, plasterers 
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mixing mortar, carpenters boring wood, miners digging underground 
galleries, workers handling goldbeater*s skin and many more. 

Who is this one? An Anthidium. She scrapes the cobwebby stalk of 
the yellow-flowered centaury and gathers a ball of wadding which she 
Carrie'S off proudly in the tips of her mandibles. She will turn it, under 
ground, into cotton-felt satchels to hold the store of honey and the egg. 
And these others, so eager for plunder? They are Megachiles, carrying 
under their bellies their black, while or blood-red reaping-brushes. They 
will leave the thistles to visit the neighbouring shrubs and there cut from 
the leaves oval pieces which will be made into a fit receptacle to contain 
the harvest. And these, clad in black velvet? They are Chalcicodomae, 
who work with cement and gravel. We could easily find their masonry 
on the stones in the hannas. And these, noisily buzzing with a sudden 
flight? lliey are the Anthophorae, who live in the old walls and the sunny 
banks of the neighbourhood. 

Now come the Osiniae. One stacks her cells in the spiral staircase of 
an empty snail-shell; another, attacking the pith of a dry bit of bramble, 
ol)tains for her gnihs a cylindrical kxlging and divides it into floors by 
means of partition-walls; a third employs the natural channel of a cnit 
rc'ed; a foiu*th is a rent-free tenant of the vacant galleries of some mason- 
l)ee. Here are the Macrocerae and the Eucerae, whose mides are proudly 
homed; the Dasypodae, who carry an ample brush of bristles on their 
hind-legs for a reaping implement; the Andrenae, so manifold in species; 
the slender-bellied Halicti. I omit a host of others. If I tried to continue 
this rec'ord of the guests of my thistles, it would muster almost the whole 
of the honey -yielding tribe, A learned entomologist of Bordeaux, Pro- 
fessor Pi^rra, to whom I submit the naming of my prizes, once asked me 
if I had any spevial means of hunting, to send him so many nuities iind 
even novelties. I am not at all an experieneed and, still less, a zealous 
hunter, for the insect interests me much more when engaged in its ^v'o^k 
than when stuck on a pin in a cabinet. The whole seciot of my hunting 
is reduced to my dense nurseiy^ of tliistles and centauries. 

By a most fortunate chancx?, with this populous family of honey-gath- 
erers was allied the whole hunting tribe. The builders' men had distrilv 
utixl here and there in the hannas great mounds of sand and heaps of 
stones, with a view to ninning up some surrounding walls. The work 
dragged on slowly; and the materials found occupants from the first year. 
The mason-l)ees Imd chosen the interstices between the stones as a dor- 
mitory where to pass the night, in serried groups. The jxiwerful eycxl liz- 
ard, who, when close- pressed, attacks both man and dog, wide-mouthed, 



102 


Henri Fabre 


had selected a cave wherein to lie in wait for the passing scarab; the 
black-eared chat, garbed like a Dominican, white-frocked with black 
wings, sat on the top stone, singing his short nistic lay: his nest, with its 
sky-blue eggs, must be somewhere in the heap. The little Dominican dis- 
appeared with the loads of stones. I regret him: he would have been a 
charming ntnghlxnir. The eyed lizard I do not regret at all. 

The sand sheltered a different colony. Here, the Bcmbeces were sweep- 
ing the threshold of their biumws, flinging a curve of dust behind them; 
the Languedocian Sphex was dragging her Epinppigera by the antennae; 
a Stizus was storing her preserves of Cicadellae. To my sorrow, the 
masons ended by evicting the sporting tribe; but, should I ever wish to 
recall it, I have but to renew the mounds of sand: they will soon all be 
there. 

Hunters that have not disappeared, their homes being different, are 
the Ammophilae, whom I see fluttering, one in spring, the others in au- 
tumn, along the garden-walks and over the lawns, in search of a cat(‘r- 
pillar; the Pompili, who travel alertly, beating their wings and nirnmaging 
in every comer in quest of a spider. The larg(*st of them waylays the 
Narbonne Lycosa, whose burrow is not infre(juent in the liannas. This 
burrow is a vertical well, with a curb of f(»scue-grass intertwiiu^d with 
silk. You can see the eyes of the mighty spider gleam at the bottom of 
the den like little diamonds, an object terror to most. What a prey and 
what dangerous hunting for the Pompilus! And here, on a hot summer 
afternoon, is the Amazon-ant, who leaves her barrack-rooms in long bat- 
talions and marches far afield to hunt for slaves. We will follow her in 
her raids when we find time. Flore again, around a heap of grasses turned 
to mould, are Scoliae an inch and a half long, who fly gracefully and dive 
into the heap, attracted by a rich prey, the grubs of Lainellicorns, Oiyc*tf*s 
and Cetoniae. 

What subjects for study! And there are more to come. The house was 
as utterly deserted as the ground. When man was gone and peace assured, 
the animal hastily seized on everytliing. The warbler took up his abode 
in the lilac-shrubs; the greenfinch settled in the thick sheIt(T of the cy- 
presses; the sparrow carted rags and straw under every slate; the serin- 
finch, whose downy nest is no bigger than half an apricot, oainc and 
chirped in the plane-tree- tops; the Scops made a habit of uttering his 
monotonous, piping note hc?re, of an evening; the bird of Pallas Athene, 
the owl, came hurrying along to hoot and hiss. 

In front of the house is a large pond, fed by the aqueduct that sup- 
plies the village-pumps with water. Here, from half a mile and more 
around, come tlie frogs and toads in the lover.s’ season. The natterjack. 
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sometimes as large as a plate, with a narrow stripe of yellow down his 
back, makes his appointments here to take his bath; when the evening 
twilight falls, w’e see hopping along the edge the midwife toad, the male, 
who carries a cluster of eggs, the size of peppercorns, wrapped round his 
hindlegs: the genial paterfamilias has brought his precious packet from 
afar, to leave it in the water and afterwards retire under some flat stone, 
whence he will emit a sound like a tinkling bell. Lastly, when not croak- 
ing amid the foliage, the tree-frogs indulge in the most graceful dives. 
And so, in May, as soon as it is dark, the pond becomes a deafening or- 
chestra: it is impossible to talk at table, impossible to sleep. We had to 
remedy this by means perhaps a little too rigorous. What could we do? 
He who tries to sleep and cannot needs becomes ruthless. 

Bolder still, the wasp has taken possession of the dwelling-house. On 
my door-sill, in a soil of rubbish, nestles the white-banded Sphex: when 
I go indoors, I must be careful not to damage he'r burrows, not to tread 
upon the miner absorbed in her work. It is (juite a quarter of a century 
since T last saw the saucy cricket-hunter. When I made her acquaint- 
ance, I used to visit her at a f(‘w miles distance: each time, it meant an 
expedition undcT the blazing August sun. To-day, I find her at my door; 
w(' are intimate neighbours. The embrasure of the closed window pro- 
vides an apartment of a mild temperature for the Pelopaeus. The earth- 
built nest is fixed against the freestone wall. To enter her home, the spi- 
der-huntress uses a little hole left open by ac'cident in the shutters. On 
the mouldings of the Venetian blinds, a few stray mason-bees build their 
group of cells; inside the outer shutters, left ajar, a Eumenes constructs 
her little earthen dome, surmounted b) a short, bcll-mouthcxl nt^ck. The 
cximnion wasp and the Polistes are my dinner-guests: they visit my table 
to see if the grapes served are as rqie as they look. 

Here, surely — and the list is far from complete — is a cxirnpany both 
ninnerons and select, whose conxersatioii will not fail to charm my soli- 
tude, if I succeed in drawing it out. My dear beasts of former days, my 
old friends, and others, more recent a(X|uainlances, all are here, hunting, 
foraging, building in close proximity. Besides, .should w^e wash to vary the 
scene of observation, the mountain is but a few’ hundred steps away, 
with its tangle of arbutus, rock-rose's and arboresc'ont heather; with its 
.sandy spaces dear to tlie Beinbeces; wath its marly slopes exploited by 
different wasps and bees. And that is why, foreseeing these riches, I have 
abandoned the towai for the village and come to S^rignan to w^eed my 
turnips and water my lettuces. 

Laboratories are being founded, at great expense, on our Atlantic and 
Mediterranean coasts, where people cut up small sea-animals, of but 
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meagre interest to us; they spend a fortune on powerful microscopes, 
delicate dissecting-instniments, engines of capture, boats, fishing-crews, 
aquariums, to find out how tlie yolk of an Annelid s egg is constnicted, 
a question whereof I have never yet been able to grasp the full impor- 
tance; and they scorn the little land-animal, which lives in ct^nstant touch 
with us, which provides universal psychology with documents of ines- 
timable value, which too often threatens the public wealth by destroying 
our crops. When shall we have an entomological laboratory for tlie study 
not of the dead inst'ct, steeped in alcohol, but of the living insect; a labo- 
ratory having for its object the instinct, the habits, the manner of living, 
the work, the struggles, the pn)pagation of that little world, with whidi 
agriculture and philosophy have most seriously to reckon? 

To know thorouglily the liistory of the destroyer of our \ines might 
perhaps be more important than to know how tliis or that nerve-fibre 
of a Cirriped ends; to establish by experiment the line of demarcation 
between intellec't and instinct; to prove, by comparing facts in the zoo- 
logical progression, whether human reason be an irrediicible faculty or 
not; all this ought surely to take prcxiedence of the number of joints in 
a crustacean s antenna. ITiese enormous questions would need an army 
of workers; and we have not one. The fashion is all for the molJusc and 
the zoophytes. The depths of the sea are explored with manj dr.ignets; 
the soil which we tread is consistently disregarded. Wliile waiting for 
the fashion to change, I open,my harmas laboratory of living entomology; 
and this laboratory shall not cx)st tlie ratepayers one farthing. 


The foregoing consists of two paragraphs 

from Fahre\s the glow-worm 

and Chapter I ftom Fabre^s iiiE itfe of iiil fly. 
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liappcned like tins. Tliere were five or six of us: myself, the oldest, 
officially their master but even more their friend and a)mrade; they, lads 
with warm hearts and joyotis imacpnations. overflowing with that youth- 
ful vitality which makes us so enthusiastic and so eager for knowledge. 
We started off one morning down a path fringed with dwarf elder and 
hawthorn, wliose clusi<Ting blossoms were already a paradise for the 
rose chafer ecstatic*ally drinking in tlieir bitter perfumes. We talked as 
we went. We were going to see whether the saert'd bei'tle had yet made 
his appearance on the sandy plateau of L(»s Angle's, whetluT he was roll- 
ing that pc'llet of dung in which ancient Egyj^t beheld an image of the 
world; we were going lo find out whether the stream at the foot of the 
hill was not hiding under its mantle of duckweed young newis with gills 
lik(‘ tiny branches of coral, wlu’ther that pretty little fi.sh of our rivulets, 
the stickleback, had cIoiukhI his wtxlding scarf of puqile and blue; 
whethcT the newly anised swallow was skimming the meadows on 
pointc'd wing, chiLsing the (Taneflies, who scatter their eggs as they dance 
through the air; if the eyed li/ard was sunning his blue-speckhxl body 
on the threshold of a burrow dug in the sandstone; if the laughing gull, 
travelling from the .sea in the w'ake of the legions of fish that ascend the 
RhAne to rnilt in its walcTs, was ho\ering in his hundreds over the river, 
<‘ver and anon uttc’ring his ciy so like a maniac’s laughter; if . , . but 
t))at will do. To be brief, h*t us say that, like gcK)d simple folk wdio find 
]>leasur(‘ in all living things, w'c wvrv off to .s]Wid a morning at the most 
wonderful of fe.stivals, life’s springtime aw^akening. 

Our expectations were fulfilhxl. The stickleback was dress(*d in his 
bf^st; his scales would have paled the lustre of silver; his thn>at w’as 
fliishing with the brightest vermilion. On tlie approach of the gi'cat black 
horse-leech, the spines on his back and sides started up, as though w'orked 
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by a spring. In the face of this resolute attitude, the bandit turns tail and 
slips ignominiously down among the water-weeds. The placid mollusc 
tribe — Planorbes, Limnaci and other water-snails — were sucking in the 
air on the surface of the water. Tlie Hydrophilus [a predaceous water- 
beetle] and her hideous larva, those pirates of the ponds, darted amongst 
them, wringing a neck or two as they passed. The stupid crowd did 
not seem even to notice it. But let us leave the plain and its waters and 
clamber up the bluff to the plateau above us. Up there, sheep are grazing 
and horses being evercised for the approaching races, while all lu-e dis- 
tributing manna to the enraptured dung-beetles. 

What excitement over a single patch of cow-dung! Never did adven- 
turers hurrying from the four comers of the earth display such eager- 
ness in working a Californian claim. Before the sun becomes too hot, 
they are there in their hundreds, large and small, of every sort, shape 
and size, hastening to carve themselves a slice of the c'ommon cake. There 
are some that labour in the open air and scrape the surface; there are 
others that dig themselves galleries in the thick of the heap, in search 
of choice veins; some work the lower stratum and bury their spoil with- 
out delay in the ground just below; others again, the smallest, keep on 
one side and crumble a morsel that has slipped their way during the 
mighty excavations of their more powerful fellows. Some, newc‘omers 
and doubtless the hungriest, consume their meal on the spot; but the 
greater number dream of ac,x‘umulating stocks that will allow them to 
spend long days in affluence, down in some safe retreat. A nice, fresh 
patch of dung is not found just when you want it, in the barren plains 
overgrown with thyme; a windfall of this sort is as manna from the sky; 
only fortune’s favourites receive so fair a portion. Wherefore the riches 
of to-day are prudently hoarded for the morrow. The stercoractK)us sc<nt 
has carried the glad tidings half a mile around; and all have hastened up 
to get a store of provisions. A few laggards are still arriving, on the wing 
or on foot. 

Who is this that comes trotting towards the ht'ap, fearing lest he reaeh 
it too late? His long legs move with awkward jerks, as though driven by 
some mechanism within his belly; his little red antennae unfurl their fan, 
a sign of anxious greed. He is coming, he has ccjme, not without sending 
a few banqueters sprawling. It is the sacred beetle, clad all in black, 
the biggest and most famous of our dung-beetles. Behold him at table, 
beside his fellow-guests, each of whom is giving the last touches to his 
ball with the flat of his broad forelegs or else enriching it with yet one 
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more layer before retiring to enjoy the fruit of his labours in peace. Let 
us follow the construction of the famous ball in all its phases. 

The clypeus, or shield, that is, the edge of the broad, flat head, is 
notched with six angular teeth arranged in a semicircle. This constitutes 
the t(X)l for digging and cutting up, the rake that lifts and casts aside the 
unnutritious vegetable fibres, goes for something better, scrapes and col- 
lects it. A choice is thus made, for these connoisseurs differentiate be- 
tween one thing and another, making a rough selection when the beetle 
is occupied with his own provender, but an extremely scrupulous one 
when it is a case of constructing the maternal ball, which has a c'cntral 
cavity in which the egg will hatch. Then every scrap of fibre is consci- 
entiously rejected and only the stercoral cjuintessence is gathered as the 
material for building the inner layer of the cell. The young larva, on is- 
suing from the egg, thus finds in the very walls of its lodging a food of 
special delicacy which strengthens its digestion and enables it afterwards 
to attack the coarse outer layers. 

Where his own needs are concerned, the beetle is less particular and 
contents himself with a ver\' general sorting. The notched shield then 
does its scooping and digging, its casting aside and scraping together 
more or less at random. The forelegs play a mighty part in the work. 
TTiey are flat, bow-shaped, supplied with powerful nervures and armed 
on the outside with five strong teeth. If a \’igorous effort be needed to 
remove an obstacle or to force a w'ay through the thickest part of the 
heap, the dung-beetle makes use of his ellx)ws, that is to say, he flings 
his tCK^thed legs to right and left and clears a semicircular space with an 
energetic sweep. Room once made, a different kind of w^ork is found for 
these same limbs: they collect armfuls of the stuff raked together by the 
shudd and push it under the insect's belly, between the four hinder legs. 
These are formed for the turner’s trade. They are long and slender, es- 
pecially the last pair, slightly bowed and finished with a very sharp claw. 
Tlicy arc at once n'C'ogni/ed as compassi's, capable of embracing a glob- 
ular body in their curved branches and of \'erifying and correcting its 
shape. Their function is, in fact, to fashion the ball. 

Armful by armful, the material is heaped up under the belly, between 
the four legs, which, by a slight pressure, impart their own ciirv'e to it and 
give it a preliminary outline. Then, every now and again, the rough-hewn 
pill is set spinning between the four branches of the double pair of spher- 
ical compasses; it turns under the dung-beetle’s belly until it is rolled into 
a perfect ball. Should the surface layer lack plasticity and threaten to 
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peel off, should some too stringy part refuse to yield to the action of the 
lathe, the forelegs touch up the faulty places; their broad paddles pat the 
ball to give consistency to the new layer and to work the recalcitrant bits 
into the mass. 

Under a hot sun, when time presses, one stands amazed at the turner's 
feverish activity. And so the work proceeds apace: what a moment ago 
was a tiny pellet is now a ball the size of a walnut; soon it will be the 
size of an apple. I have seen some gluttons manufacture a ball the size of 
a man s fist. This indeed means food in the larder for days to cornel 

The beetle has his provisions. The next thing is to withdraw frmn the 
fray and transport the victuals to a suitable place. Here the scarab’s most 
striking characteristics begin to show themselves. Straightway he begins 
his journey; he clasps his sphere with his two long hind-legs, whose ter- 
minal claws, planted in the mass, serve as pivots; he obtains a purchase 
with the middle pair of legs; and, with his toothed forearms, pressing in 
turn upon the ground, to do duty as levers, he proceeds with his load, he 
himself moving backwards, body bent, head down and hind-quarters in 
tlie air. The rear legs, the principal factor in the mechanism, are in con- 
tinual movement backwards and forwards, shifting the claws to change 
the axis of rotation, to keep the load balanced and to push it along by 
alternate thrusts to right and left. In this way, the ball finds Jtself touch- 
ing the ground by turns with every point of its surface, a process which 
perfects its shape and gives an even consistency to its outer layer by means 
of pressure uniformly distributed. 

And now to work with a willl The thing moves, it begins to roll; we 
shall get there, though not without diflBculty. Here is a first awkward 
place: the Beetle is wending his way athwart a slope and the heavy moss 
tends to follow the incline; the insect, however, for reasons best known 
to itself, prefers to cut across tliis natural road, a bold project which may 
be brought to naught by a false step or by a grain of sand which disturbs 
the balance of the load. The false step is made: down goes the ball to the 
bottom of the valley; and the insect, toppled over by the shock, is lying 
on its back, kicking. It is soon up again and hastens to harness Itself once 
more to its load. The machine works better than ever. But Im^k out, you 
dunderhead! Follow the dip of the valley: that will save liibour and mis- 
haps; the road is good and level; your ball will roll quite easily* Not a bit 
of it! The beetle prepares once again to mount the slope that has already 
been his undoing. Perhaps it suits him to return to the heights. Against 
that I have nothing to say; the scarab’s judgment is better than mine as 
to the advisability of keeping to lofty regions; he can see farther than I 
can in these matters. But at least takt this path, which will lead you up 
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by a gentle incline! Certainly not! Let him find himself near some very 
steep slope, impossible to climb, and that is the very path which the ob- 
stinate fellow will choose. Now begins a Sisyphean lalx)ur. The ball, 
that enormous burden, is painfully hoisted, step by step, with infinite 
precautions, to a certain height, always backwards. We wonder by what 
miracle of statics a mass of this size can be kept upon the slope. Oh! An 
ill-advised movement frustrates all this toil: the ball rolls down, dragging 
tlie beetle with it. Once more the heights are scaled and another fall is 
tlie sequel. ITie attempt is renewed, watli greater skill this time at tlie 
difficult points; a wretched grass-root, the cause of the previous falls, is 
carefully got over. We arc almost there; but steady now, steady! It is a 
dangerous asc'cnt and the merest trifie may yet ruin everytliing. For see, 
a leg slips on a smooth bit of gravel! Down come ball and beetle, all mixed 
up together. And tlie insect bc*gins over again, with indefatigable obsti- 
nacy. Ten times, twenty times, he will attempt the hopeless ascent, until 
his persistence vanquishes all obstacles, or until, wisely rec*t)gnizing the 
futility of his efforts, he adopts the level road. 

The sc'urab does not always push his precious ball alone: sometimes 
h(' tak<»s a partner; or, to be accurate, the partner takes him. Tliis is the 
way in which things usually happen: once his ball is ready, a dung-bec'tle 
issues from the crowd and leaves the work-yard, pusliing his prize back- 
wards. A neighbour, a newcomer, whose owti task is hardly begun, 
abiuptly dro[)s lus work and runs to the moving ball, to lend a hand to 
the lucky owner, who seems to acevpt the proffered aid kindly. Hence- 
forth the two work in partnership. Each does his best to push the pellet to 
a |>!a('e of safety. Was a compac't really concluded in tlie work-yard, a tacit 
agreenumt to share the c'aki* between them? Wliile one was kneading and 
moulding the ball, was the other lapping rich veins whence to extract 
choice materials and add them to tlie ct^mmon store? I have never ob- 
served any such collaboration; T have always seen each dung-bc'ctle oe- 
(^npied solely with liis own affairs in the works. The last-comer, therefore, 
has no ae(|uired rights. 

Can it then be a partmTship bt*tw^een the two sexes, a couple intending 
to set up house? I thought so for a time. 

iTie evidenc'f*. of the scalpel eompelli d me to abandon my belief in this 
domestic idyll. There is no outward difference Ix'twoen the txvo sexes in 
the Scarabaei. I therefore dissec'ted the pair of dung-l>cetles engagtxl in 
trundling one and the same ball; and tliey very oftm proved to be of the 
same sex. 

Neilhtn* community of family nor community of labour! Then what 
is the motive for this apparent partnership? It is purely and simply an 
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attempt at robbery. The zealous fellow-worker, on the false plea of lend- 
ing a helping hand, cherishes a plan to purloin the ball at the first op- 
portunity. To make one’s own ball at the heap means hard work and pa- 
tience; to steal one ready-made, or at least to foist one’s self as a guest, 
is a much easier matter. Should the owner’s vigilance slacken, you can 
nin away with his property; should you be too closely watched, you can 
sit down to table uninvited, pleading services rendered. It is ‘‘Heads I 
win, tails you lose” in these tactics, so that pillage is practised as one of 
the most lucrative tif trades. Some go to work craftily, in the way which 
I have described: they come to the aid of a comrade who has not the 
least need of them and hide the most barefaced greed under the cloak 
of charitable assistance. Others, bolder perhaps, more confident in their 
strength, go straight to their goal and commit robbery with violence. 

Scenes are constantly happening such as this: a scarab goes off, peac'c- 
fully, by himself, rolling his ball, his lawful property, acquired by <‘on- 
scientious work. Another comes flying up, I know not whence, drops 
down heavily, folds his dingy wings under their cases and, with the brick 
of his toothed forearms, knocks over the owner, who is powerless to ward 
off the attack in his awkward position, harnessed as he is to his pro]>erty. 
While the victim struggles to his feet, the other perches himself atop tlu* 
ball, the best position from w'hich to reped an assailant. With l^is forearms 
crossed over his breast, ready to hit back, he awaits events. The dispos- 
sessed one moves round the ball, seeking a favourable spot at wdiich to 
make the assault; the usurper spins round on the roof of the citadel, hie- 
ing his opponent all the time. If the latter raise himself in order to sc'ale 
the wall, the robber gives him a blow that stretches him on his back. 
Safe at the top of his fortress, the besieged beetle could foil his adver- 
sary’s attempts indefinitely if the latter did not change his tactics. lie 
turns sapper so as to reduce the cit.idc‘1 with the garrison, llie ball, shaken 
from below, totters and begins rolling, carrying with it the* thieving dung- 
beetle, wbo makes violent efforts to maintain his position on the top. Tliis 
he suc'cecds in doing — though not invariably — thanks to hurried gymnas- 
tic fc*ats which land him higher on the ball and make up for tlv' ground 
which he loses by its rotation. Should a false' movement bring him to 
earth, the chances become equal and the .struggle turns into a wrestling- 
match. Robber and robbed grapple with each other, brca.st to breast. 
Their legs lock and unlock, their joints intertwine, their homy armour 
clashes and grates with the rasping sound of metal under the file. Tlu^n 
the one who succeeds in throwing his opponent and releasing himself 
scrambles to the top of the ball and there takes up his position. 'Flic siege 



THE SACRED BEETLF: 


111 


is renewed, now by tlie robber, now by the robbed, as the chances of the 
hand-to-hand conflict may decree. The former, a brawny desperado, no 
novice at the game, often lias the best of the figlit. Then, after two or 
tliree unsuccessful attempts, the defeated beetle wearies and returns 
philosophically to tlie heap, to make himself a new pellet. As for the other, 
with all fear of a surprise attack at an end, he harnesses himself to the 
c'onquered ball and pushes it whither he pleases. I have sometimes seen a 
third tliief appear upon the sc ene and rob the robber. Nor can I honestly 
say that I was sorry. 

I ask mysedf in vain what Proudhon introduced into scarabaean moral- 
ity the daring paradox that “property means plunder,” or what diplomatist 
taught the dung-beetle the savage maxim that “might is right.” I have no 
data that would enable me to trace the origin of these spoliations, which 
have b(K‘orne a custom, of this abuse of strength to capture a lump of 
ordure. All that I can say is that theft is a general practice among the 
scarabs. 'I’lic^sc dung-rollers rob one another with a calm effrontery which, 
to my knowledge, is without a parallel. 1 leave it to future obser\^ers to 
t*lucidate this curious problem in animal psychology and I go back to the 
two partners rolling their ball in concert. 

But first let me dispel a current error in the text-books. I find in 
M. fimile Blanchard’s magnificent work, Metamorphoses, rnocurs et in- 
stincts (les insectes [Metamorphoses, the habits and instincts of the in- 
sects], the following passage: 

.Sometimes our insect is stopped bv an insunnounlahle obstacle; the 
ball has fallen into a hole. At such moments the Ateuchus gives evidence 
of a really astonishing grasp of the situatiem as well as of a s\’stem of 
ready cxiin muni cation between individuals of the sanie species which is 
even more remarkable. Hecognizing the impossibility of coaxing the ball 
out of the hole, the Alciichus seems to abandon it and flies away. If you 
are sulTici<*ntlv cndoNNcd with that great and noble virtue called patience, 
.stav bv the forsaken ball: after a while, the Ateuchus will return to the 
same spot and will not return alone; In* will be accompanied by two, 
thre(*, four or five companions, who will all alight at the place indicated 
and will combine their efforts to raise the load. The Ateuchus has been 
to fetch nMuforcenK'iits; and this explains whv it is such a common sight, 
in the drv fields, to see .several Ateiichi joining in the remov^al of a single 
ball. 

Finally, I read in Illigcr’s Fmtonwlo^ical Mafj^azine: 

A r.'i/rnnop/cf/r»/,v pxluhirius [a smaller dung-beetle], while constructing 
the ball of dung destined to contain her eggs, let it roll into a hole, 
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whence she strove for a long time to extract it unaided. Finding that she 
was wasting her time in vain efforts, she ran to a neighbouring heap of 
manure to fetch three individuals of her own species, who, uniting their 
strength to hers, succeeded in withdrawing the ball from the cavity into 
which it had fallen and then returned to their manure to continue then- 
work. 

I crave a thousand pardons of my illustrious master, M. Blanchiird, 
but things certainly do not happen as he says. To begin with, the two 
accounts are so much alike that they must have had a common origin. 
Ilhger, on the strength of observations not c'ontinuous enough to deserve 
blind confidence, put forward the case of his Gymnopleiuris; and the 
same story was repeated about the Scarabaei because it is, in fac't, quite 
usual to see two of these insects occupied together either in rolling a ball 
or in getting it out of a troublesome place. But this cooperation in no 
way proves that the dung-beetle who found himself in difficulties wemt 
to requisition the aid of his mates. I have had no small measure of the 
patience recommended by M. Blanchard; I have lived laborious days 
in close intimacy, if I may say so, with the sacred beetle; I have done 
everything that I could think of in order to enter into his ways and habits 
as thoroughly as possible and to study them from life; and I have never 
seen anything that suggested either nearly or remotely tlie idea of com- 
panions summoned to lend assistance. As I shall presently relate, I have 
subjected the dung-beetle to far more serious triiils than that of getting 
his ball into a hole; I have confronted him with much graver difficulties 
than that of moimting a slope, wliich is sheer sport to the obstinate Sisy- 
phus, who seems to delight in the rough gymnastics involved in climbing 
steep places, as if the ball thereby grew firmer and accordingly increascxl 
in value; I have created artificial situations in which the insect had the 
uttermost need of help; and never did my eyes detect any evidence of 
friendly services being rendered by comrade to comrade. I have sen^n 
beetles robbed and beetles robbing and nothing more. If a number of 
them were gathered around the same pill, it meant that a battle was tak- 
ing place. My humble opinion, therefore, is that the incident of a nuinbcT 
of Scarabaei collected around the same ball with thieving intentions has 
given rise to these stories of comrades called in to lend a hand. Imperfei't 
observations are responsible for this transformation of the bold high- 
wayman into a helpful companion who has left his work to do anothc^r 
a friendly turn. 

It is no light matter to attribute to an insect a really astonishing grasp 
of a situation, combined with an even more amazing power of cominuni- 
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cation between individuals of the same species. Such an admission in- 
volves more than one imagines. Tliat is why I insist on my point. What! 
Are we to believe tliat a beetle in distress will ctinceive the idea of going 
in quest of help? We are to imagine him flying off and scouring the coun- 
try to find fellow-workers on some patch of dung; when he has found 
them, we are to suppose that he addresses them, in some sort of panto- 
mime, by gestures with his antennae more particularly, in some such 
words as these; 

“I say, you fellows, iny load’s upset in a hole over there; come and help 
me get it out. I’ll do as much for you one day!" 

And we are to believe that his comrades understand! And, more in- 
credible still, that they straightway leave their work, the pellet which 
they have just begun, the beloved pill exposed to the cupidity of others 
and (XTtain to be filched in their absence, and go to the help of the sup- 
pliant! I am profoundly incredulous of such unselfishness; and my in- 
creilulity is confirmed by what I have witnessed for years and years, not 
in glass-C'ases but in the very places where the scarab works. Ap;ut from 
its maternal solicitude, in which respect it is nearly always admirable, 
the iasect cart's for nothing but itself, unless it lives in societies, like the 
hive-bees, the ants and the rest. 

But let me end this digression, which is excused by the importance 
of the subject. I w'as saying that a sacred beetle, in possession of a ball 
which he is pushing backwards, is often joined by another, who comes 
hurrying up to lend an assistance which is anything but disinterested, 
his inttmtion being to rob his companion if the op[>ortunity present itself. 
Let us call the two workers partners, though that is not the proper name 
for them, seeing tliat the one forc'es himself upon the other, who prob- 
ably acxx'pts outside help only for fear of a worse evil. The meeting, by 
the way, is absolutely peaceful, llie owner of the ball does not cease 
work for an instiint on the arrivid of the newcximer; and his uninWted 
assistant sc‘cms animated by the best inttaitions and sets to work on the 
spot. The way in which the two partners harness themselves differs. Tlie 
proprietor ocxnipies the chief po.sition, the place of honour: he pushes at 
the rear, with his hind-legs in the air and his head down. Ilis subordinate 
is in front, in the reveise posture, hciid up, toothed anus on tlie ball, long 
hind-legs on tlie gnnmd. Betw('en the two, the ball rolls along, one driv- 
ing it before him, the other pulling it towards him. 

Tlio efforts of the couple iire not always very harmonious, the more 
so as the assistant has his back to the road to be traversed, wliile the o^\Tl- 
er's view is impeded by tlie load. The result Is that they are constantly 
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having accidents, absurd tumbles, taken cheerfully and in good part: 
each picks himself up quickly and resumes the same position as before. 
On level ground, this system of traction does not correspond with the 
dynamic force expended, through lack of precision in the combined move- 
ments: the scarab at the back would do as well and better if left to him- 
self. And so the helper, having given a pn>of of his good-will at the risk 
of throwing the machinery out of gear, now decides to keep still, without 
letting go of the precious ball, of course, fie already looks upon that as 
his: a ball touched is a ball gained. He won't be so silly as not to stick to 
it: the other might give him the slip! 

So he gathers his legs flat under his belly, encrusting himself, so to 
speak, on the ball and becoming one with it. Henceforth, the whole con- 
cem — the ball and the beetle clinging to its surface — is rolled along 
by the efforts of the lawful owner. The intruder sits tight and lies low, 
heedless whether the load pass over his bodv, whetluT he be at the top, 
lx)ttom or side of the rolling ball. A queer sort of assistant, who gets a 
free ride so as to make sure of his share of the victuals! 

But a steep ascent heaves in sight and gives him a fine part to ]>lay. 
He takes the lead now, holding up the heavy mass with his toothed arn)S, 
w'hile his mate seeks a purchase in order to hoist the load a little higher. 
In this wav, by a combination of well-directed efforts, the beetle abf)ve 
gripping, the one below pushing, I hav'e seen a couple mount hills whic h 
would have been too much for a .single porter, ho\vc*ver persevering. But 
in times of difiiculty not all show the same zeal: there are some who, on 
awkward slopes where th<nr assistance is most needed, seem blissfullv 
unaware of the trouble. Wliile the unhappy Sisyphus exhausts himself 
in attempts to get over the bad part, the other cpiietly leaves him to it: 
imbedded in the ball, he rolls dowm with it if it comes to grief and is hoisted 
up with it when they start afresh. 

I have oft(m tried the followang experiment on the two partn<TS in ordcT 
to judge their inventive faculties when placed in a serious prcdic'ament. 
Suppose them to be on level ground, numlx.T two seat(‘d motionless on 
the ball, number one busy pushing. Without disturbing the latter, I nail 
the ball to the ground with a long, strong pin. It stops .sndchmly. The 
bcjetle, unaware of my pc^rfidy, doubtle.ss believes that some raitnral ob- 
stacle, a rut, a bift of couch-grass, a pc»bble, bars the way. He redoubles 
his efforts, struggles his hardest; nothing happems. 

"What can the matter be? Let's go and see.” 

The beetle walks two or three timers round his pellet. Di.soovc?ring noth- 
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ing to a(xx)unt for its immobility, he returns to the rear and starts pushing 
again. The ball remains stationary. 

"Let's look up above.” 

Tile beetle goes up to find nothing but his motionless colleague, for I 
had taken care to drive in the pin so deep that the head disappeared in 
the ball. He explores the whole upper surface and comes down again. 
Fresh thru.st.s are vigorously applied in front and at the sides, with the 
same absence of success. There is not a doubt about it: never before was 
dung-beetle c*onfrontcd uith such a problem in inertia. 

Now is the time, the very time, to claim assistance, which is all the 
easier as his mate is there, close at hand, squatting on the summit of the 
ball. Will the scarab rouse him? Will he talk to him like this: 

"Wliat are you doing there, lazybones? Come and look at the tiling: 
it's broken down!” 

Nothing proves that he does anything of the kind, for I see him steadily 
shaking uie unshakable, inspecting his stationary machine on every side, 
while all this time his companion sits resting. At long last, however, the 
latter becomes aware that something unusual is happening; he is apprised 
of it by his mate’s restless tramping and by the immobility of the ball. 
He cximes down, therefore, and in his turn exjimines the machine. Double 
harness does no better than single harness. This is beginning to look se- 
rious. Tlie little fans of the lieetlos' antennae open and shut, open again, 
betraying by their agitation acute anxiety*. Then a stroke of genius ends 
tlie perplexity: 

‘^lio knows what’s underneath'?” 

Tliey now start exploring below the ball; and a little digging soon re- 
veals tlie presence of the pin. They recognize at once that the trouble is 
there. 

If I had had a voice in tlK'ir deliberations, I should have said; 

"We must make a hole in the ball and pull out that skewer which is 
holding it down.” 

This most elementary of all procetHlings and one so easy to such ex- 
pert diggers was not adopte'd, was not even tried. The dung-beetle was 
shrewder than man. Tlie two colleagues, one on this side, one on that, 
slip under the ball, which begins to slide up the pin, getting higher and 
higher in proportion as the living weiiges make their way underneath, 
nie cUwer operation is mad(* possible by the softness of the material, 
which gives easily and makes a channel under the head of the immovable 
stake. Soon the pellet is suspendiHl at a height e<jual to the thickne^ss of 
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the scarabs^ bodies. The rest is not such plain sailing. The dung-lwetles, 
who at first were lying flat, rise gradually to their feet, still pushing with 
their backs. The work becomes harder and harder as the legs, in straight- 
ening out, lose their strength; but none the less they do it. Then comes 
a time when they can no longer push with their backs, the limit of tlu‘ir 
height having been reached. A last resource remains, but one much less 
favourable to the development of motive power. This is for the insect to 
adopt one or other of its postures when haniessed to the ball, head down 
or up, and to push with its hind- or forelegs, as the case may bo. Finally 
the ball drops to the ground, unless we have used too k^ng a pin. Tl)e 
gash made by our stake is repaired more or less and the carting of the 
precious pellet is at once resinned. 

But, should the pin really be too long, then tlie ball, which remains 
firmly fixed, ends by being suspended at a height above that of the in- 
sect's full stature. In that case, after vain evolutions around the uncon- 
querable greased pole, the dung-beetles throw up the sj)onge, unless we 
are suflSciently kind hearted to finish the work ourselves and restore their 
treasure to them. Or agciin we can help them by raising the floor with 
a small flat stone, a pedestal from the top of which it is p().ssihle for the 
beetle to continue his labours. Its use does not appear to be imm(‘diately 
understCKxl, for neither of the two is in any hurry to take advantage of 
it. Nevertheless, by accident or design, one or other at last finds himsedf 
on the stone. Oh, joyl As he^ passed, he felt the ball touch his back. At 
that contact, courage returns; and his efforts begin once more. Standing 
on his helpful platform, the scarab stretches his joints, rounds his shoul- 
ders, as one might say, and shoves the pellet upwards. When his shoul- 
ders no longer avail, he works with his legs, now upright, now ht'acl down- 
wards. There is a fresh pause, accompanied by fresh signs of uneasiness, 
when the limit of extension is reached. TluTCupon, without dLstnrbing 
the (creature, we place a sc^cond little stone on the top of the first. With 
the aid of this new step, which provides a fulcnim for its levers, the in- 
sect pursues its task. Thus adding story upon story as rc^quired, I have 
seen the scarab, hoisted to the summit of a tottering pile three or four 
fingers'-breadth in height, persevere in his work until the ball was cxiin- 
pletcly detached. 

Had he some vague t'onsciousness of the service performed by the grad- 
ual raising of the pedestal? I venture to doubt it, tliough he cleverly took 
advantage of my platform of little .stones. As a matter of fac*t, if the very 
elementary ich'^a of using a higher support in order to reach something 
placed alx)ve one's grasp were not beyond the bcjetle's (Ximprc'Iu^nsion, 
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how is it that, when there are two of them, neither thinks of lending the 
other his back so as to raise him by that much and make it possible for 
him to go on working? If one helped the other in this way, they could 
reach twice as liigh. They are very far, however, from any such co-opera- 
tion. Each pushes the ball, with all his might, I admit, but he pushes as 
if he were alone and seems to have no notion of the happy result that 
would follow a combined effort. In this instance, when the ball is nailed 
to the ground by a pin, they do exactly what they do in corresponding 
c'ircumstances, as, for example, when the load is brought to a standstill 
by some obstacle, caught in a loop of couch-grass or transfixed by some 
spiky bit of stalk that has run into the soft, rolling mass. I produced artifi- 
cially a stoppage which is not really very different from those occurring 
naturally when the ball is being rolled amid the tliousand and one irregu- 
larities of the ground; and the beetle behaves, in my experimental tests, 
as he would have behaved in any other circumstances in which I had no 
part. He uses Ins back as a wedge and a lever and pushes with his fc'et, 
without introducing anything new into his methcxls, even when he has a 
aanpanion and can avail himself of his assistance. 

When he is all alone in face of the difficulty, when he has no assistant, 
lu*s dynamic operations remain absolutely the same; and his efforts to 
move his transfixed ball end in succ'css, provided that we give liiin the 
indispensable support of a platform, built up little by little. If we deny 
him tins succx)ur, then, no longer encouraged by the contact of his be- 
hjvcxl ball, he loses heart and sooner or later flies away, doubtless with 
many regrets, and disappears. Wliere to? I do not know\ Wliat I do know 
is that lie does not return with a gang of fellow'-laboiirers whom he has 
beggt'd to help him. \Miat would he do with them, he who cannot make 
use of even one comrade? 

But perhaps my exi^eriment, wiiich leaves the ball suspended at an 
inaccessible height and the insect witli its means of action exhausted, 
is a little too far removed from ordinary conditions. Lc*t us try^ instead 
a miniature pit, deep enough and steep enough to prevent tlie dung-bee- 
tle, w'hen placed at the bottom, from rolling his load up the side. These 
are exactly tlie conditmns staled by Messrs. Blanchard ;md llligcr. Well, 
what happens? When dogged hut utterly iruitless efforts have coininccd 
him of his helplessness, the beetle takes wing and disappears. Relying 
upon what these learned wTiters said, I have waited long hours for the 
inscKi to return reinforccxl by a few friends. I have alw^ays waited in vain. 
Many a time also I have found the pc^llet several days latcT just where I 
loft it, stuck at the top of a pin or in a hole, proving that nothing frc'sh 
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had happened in my absence. A ball abandoned from necessity is a ball 
abandoned for good, with no attempt at salvage with the aid of others. 
A dexterous use of wedge and lever to set the ball rolling again is there- 
fore, when all is said, the greatest intellectual effort which I have observed 
in the sacred beetle. To make up for what the experiment refutes, namely 
an appeal for help among fellow- workers, I gladly chronicle this feat of 
mechanical prowess for the dung-beetles* greater glory. 

Directing their steps at random, over sandy plains thick with thyme, 
over cart-ruts and sleep places, the two beetle brethren roll the ball along 
for some time, thus giving its substance a certain consistency which may 
be to their liking. While still on the road, they select a favourable spot. 
The rightful owner, the beetle who throughout has kept the place of hon- 
our, beliind the ball, the one in short who has done almost all the carting 
by himself, sets to work to dig the dining-room. Reside him is the ball, 
w'ith number two clinging to it, shamming dead. Number one attacks the 
sand with his sharp-edged forehead and his toothc^d legs; he flings arm- 
fuls of it behind him; and the work of excavating proceeds apace. Soon 
the beetle has disappeared from view in the half-dug rnvern. Wlumever 
he returns to the uppe^r air with a load, he invariably glances at his ball 
to see if all is well. From time to time, he brings it nearer the threshold 
of the burrow; he feels it and seems to acejuire new vigour fr^m the con- 
tact. The other, lying demure and motionless on the ball, continues to 
inspire confidence. Meanwhile the underground hall grows larger and 
deeper; and the digger’s field of operations is now too vast for any but 
very occasional appearances. Now is the time. The crafty sleeper awakc'iis 
and hurriedly decamps with the ball, which he pushes behind him with 
the speed of a pickpocket anxious not to be caught in the act. This brt'ai h 
of trust rouses my indignation, but the historian triumphs for the monumt 
over the moralist and I leave him alone: I shall have timci enough to in- 
tervene on the side of law and order if things thrc'aten to turn out badly. 

The thief is already some yards away. His victim comes out of the bur- 
row, looks around and finds nothing. Doubtless an old hand hijns('lf, he 
knows what this means. Scent and sight soon put him on th(' track. He 
makes haste and catches tip the robber; but the artful dodger, when lie 
feels his pursuer close on his heels, promjitly changes his postiirt\ gels 
on his hind-legs and clasps the ball with his toothed arms, al he docs 
when acting as an assistant. 

You rogue, you! I see through your tricks: you mean to plead as an (*x- 
ciise that the pellet rolled down the slope and that you are only tiy ing to 
stop it and bring it back home. I, hov^ever, an impartial witness, dec lare 
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tliat the ball was quite steady at the entrance to the burrow and did not 
roll (rf its own accord. Besides, the ground is level. I declare that I saw 
you set the thing in motion and make off with unmistakable intentions. 
It was an attempt at larceny, or I’ve nevcT seen one! 

My evidence is not admitted. The owner cheerfully accepts the other’s 
excuses; and the two bring the ball back to the burrow as though noth- 
ing had happened. 

If the thief, however, has time to get far enough away, or if he man- 
ages to cover his trail by adroitly doubling back, the injury is irreparable. 
To collect provisions under a blazing .sun, to cart them a long chstance, 
to dig a comfortable banqueting-hall in the sand and then — just when 
everything is ready and your appetite, whcttc'd by exercise, lends an 
added charm to the approaching feast — suddenly to find yourself cheated 
by a crafty partner is, it must be admitted, a reverse of fortune that would 
dishearten most of us. The dung-beetle docs not allow himself to be cast 
down by th... pi^x-e of ill-luck; he nibs his cheeks, spreads his antennae, 
sniffs the air and flies to the neiue.st heap to begin all over again. 


The forc^oin^ is taken 

from Fabre’s the sacked beetle a.nd OTinais. 
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X J oren Eiseley was born in Lincoln, Nebraska, in 1907. He studied 
at the University of Nebraska and received his Ph.D. in anthro- 
pology from the University of Pennsylvania. He taught at the 
University of Kansas, at Oberlin College, and at the Univ»*rsity of 
Pennsylvania, where, from 1947, he was head of the department of 
anthropology, and, from 1959, provost of the university. 

He has lectured at many universities and has written articles for 
most of the leading scientific journals as well as for a numl>er of 
magazines. He has ranged over much of the western Upited States 
in search of remains of early postglacial man. The Immense Journey, 
his first book, appeared 10-1957. It is a collection of papers on various 
subjects, all of them linked together by their common concern with 
time. Darwins Century, an account of the impact of the idea of 
evolution, was published in 1958, and his remarkable 'ecture. The 
Mind as Nature, in 1962. 

The following selection is a chapter from The Immense Journey. 
The title refers to the journey through time from the beginning. Not 
the beginning of man — that occurred only a moment ago, Eiseley 
says. It is his concern to remind men that there is more to the world 
than themselves, both in space and time. 

Man “is rooted in his particular century,” Eiseley writes. “Out of 
it — forward or backward — he cannot run.” Later in the lK)ok he 
writes: “There is something wrong with our world view. It is still 
Ptolemaic, though the sun is no longer believed to revolve around 
the earth.” He seems to be suggesting that there is in our think- 
ing, despite all that we have learned about the past, a kind of 
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temporal parochialism. The sun is no longer thought to revolve about 
the earth, but man, Eiseley is saying, still conceives of himself as 
somehow at the center of the universe. And if this is true, his 
argument runs, how much more difficult it must be for us to give 
up the illusion tliat the human epoeh is the be-all and end-aU of 
time. 

We are fixed, in other words, even more irremovably in the Now 
than in the Here. Only by an effort of the imagination can we 
break out of our temporal strait jackets. But there is a great reluc- 
tance, Eiseley suggests, to do so. If we are to succeed, we must use 
words in new ways. 

Eiseley s words in the following selection have a strange quality. 
He uses many surprising metaphors, and most of tlicm have a special 
character. If it is read carefully, his text is seen to use terms stand- 
ing for more or less violent spatial movements in order to force us to 
feel temporal movements. At the beginning, for example, he sets the 
scene: it is, typically, in no definite place, for its purpose is to 
make us see cliange in time. He descends into the Slit, and it is at 
once obvious that tliis spatial descent is a movement backward in 
time. “The Slit was a little sinister ... tor over me the sky seemed 
already as far off as some future century I would never see.” The 
word “far” in tliat sentence has two meanings, in space and time, 
and so does the word "see.” 

One can find other examples of Eiselev’s attempt to bring us, by 
the use of unexpected metaphors, to an understandifig of the vast- 
ness, and indeterminacy, of time. He points to that place of “con- 
verging roads where . . . cat and man and weasel must leap into a 
single .shape.” The word “leap” in that sentence is one of these 
metaphors. He conceives of himself as “already caught a few feet 
above (the skull) in the strata,” and thus caught, as it were, in a 
long-past epoch. “Living creatures flow,” he says, again using a sur- 
prising word to produce his effect, “with little more consistency 
than clouds from age to age.” He remembers “lifting, as I always 
did, a figurative lantern to some ambiguous crossroads sign within 
my brain.” There are crossroads, he is saying, in time as well as 
sjiace. And when he emerges from the crack in the earth, w’hich is 
also a crack in time, he is cautious, lest he might have strayed into an 
era different from the one he knew. “I looked all about carefully,” he 
says, “in a sudden anxiety that it might not be a grazing horse that I 
would see.” For tlie moment, at least, it was conceivable that it 
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might have been a mammoth— or some strange animal that does not 
yet walk the earth. 

It is clear tljat Eiseley ’s language is special, and also that it is dif- 
ferent from tliat of most of the other scientists in this volume. Strictly 
speaking, he is not here recounting observations of nature or telling 
us the results of experiments on it. Indeed, he is perhaps not telling 
us anything that we do not already know. Rather, he is telling us 
what we do know, but what, he seems to be insisting, we nevertheless 
refuse to accept. The Immense Journey is not in itself a scientific 
work; it is a work, by a distinguished scientist, that is a result of 
the scientific world view. As such, it is a representativ'C of an im- 
portant body of modem writing. And it is of course, in itself, ex- 
tremely fine. 



On Time 

from The Immense Journey 


ome lands are flat and grass covered, and smile so evenly up at 
the sun that tliey seem forever youthful, untouched by man or time. Some 
are torn, ravaged and convulsed like the features of profane old age. 
Rocks are wrenched up and exposed to view; black pits receive ttie sun 
but give back no h’ght. 

It was to such a land 1 rcxle, but I rode to it across a sunlit, timeless 
prairie over which nothing passed but antelope or a wandering bird. On 
the verge where that prairie halted before a gieat wall of naked sand- 
stone and clay, I came upon the Slit. A narrow crack worn by some de- 
scending torrent had begun secretly, far back in the prairie grass, and 
worked itself deeper and deeper into the fine sandstone that led by devi- 
ous channels into the broken waste beyond. I rode back along the crack 
to a spot where I could descend into it, dismomited, and left my horse 
to graze. 

The crack was only about body widlh and, as I worked my way down- 
ward, the light turned dark and green from the overhanging grtiss. Above 
me the sky became a narrow slit of distant blue, and the sandstone was 
cool to my hands on either side. The Slit was a little sinister — like an open 
grave, assuming the dead were enabled to take one last look — for over 
me the sky seemed already as far off as some future century I would never 
see. 

I ignored the sky, then, and began to amcentrate on the sandstone \to11s 
that had led me into tliis place. It was tight and tricky work, but that 
cnit was a perfect cross section through pt^rhaps ten million years of time. 
1 hoped to find at least a bone, but I was not quite prepared for the sight 
I finally came upon. Stming straight out at me, as I slid farther and deeper 
into the green twilight, was a skxill embedded in the solid sandstone. I 
had come at just the proper moment when it was fully to be seen, the 
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white bone gleaming there in a kind of ashen splendor, water worn, and 
about to be ground away in the next long torrent. 

It was not, of course, human. I was deep, deep below the time of man 
in a remote age near the beginning of the reign of mammals. I squatted 
on my heels in the narrow ravine, and we stared a little blankly at each 
other, the skull and I. There were marks of generalized primitiveness in 
that low, pinched brain case and grinning jaw that marked it as lying far 
back along those converging roads where, tis I shall have occasion to es- 
tablish elsewhere, cat and man and weasel must leap into a single shape. 

It was the face of a creature who had spent his days following his nose, 
who was led by instinct rather than memor)% and whose power of choice 
was very small. Though he was not a man, nor a direct human ancestor, 
there was yet about him, even in the bone, some trace of that low, snuf- 
fling world out of which our forebeiirs had so recently emerged. The skull 
lay tilted in such a manner that it start^cl, sightless, up at me as though 
I, too, were already caught a few feet abo\ e him in the strata and, in my 
turn, were staring upward at that strip of sky which the ages were car- 
rying farther away from me beneath the tumbling debris of falling moun- 
tains. The creature had never lived to see a man, and I, what was it I was 
never going to see? 

I restrained a panicky impulse to hurry upward after that rec*eding sky 
that w^as outlined above the Slit, Probably, I thought, as I patiently began 
the task of chiseling into the stone around the skull, I would ne,ver again 
excavate a fossil under conditions which led to so \ivid an impr(\ssion 
that I was already one myself. The tnith is that we are all potential fossils 
still carrying within our bodies the cruditic's of fonner existences, the 
marks of a world in which living creatures flow w^ith little more consist- 
ency than clouds from age to age. 

As I tapped and chiseled there in the foundations of the world, I had 
ample time to consider the cunning rnanipulability of the human fingers. 
Experimentally I crooked one of the long slender boiu*s. It might hav(i 
been silica, I thought, or aluminum, or iron — the cells would have made 
it possible. But no, it is calcium, carbonate of lime. Why? Only because 
of its history. Elements more numerous than calcium in the earth s crust 
could have been used to build the skeleton. Our history is the reason — 
we came from the water. It was there the cells took the lime liabit, and 
they kept it after wc c^ame ashore. 

It is not a bad symbol of that long wandering, I thought again — the 
human hand that has been fin and scaly reptile foot and furry paw. If a 
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stone should fall (I cocked an eye at the leaning shelf above my head 
and waited, fatalistically) let the bones lie here with their message, for 
those who might decipher it, if they come down late among us from the 
stars. 

Above me the great crack seemed to lengthen. 

Perhaps there is no meaning in it at all, the thought went on inside me, 
save that of journey itself, so far as men can see. It has altered with the 
chances of life, and the chances brought us here; but it was a good jour- 
ney — long, perhaps — but a good journey under a pleasant sun. Do not 
look for the purpose. Think of the way we came and be a little proud. 
Think of this hand — the utter pain of its first venture on the pebbly shore. 

Or ('onsider its later wanderings. 

I ceased my tappings around the sand-filled sockets of the skull and 
wc'dged myself into a crevic e for a smoke. As I tamped a load of tobacco 
into my pipe, I thought of a town across the valley that I used sometimes 
to visit, a town whose little inhabitants never welcM^med me. No sign 
points to it and I rarely go there any more. Few people know about it 
and fewer still know that in a sense we, or rather some of the creatures 
to whom we are related, were driven out of it onct?, long ago. I used to 
park my car on a hill and sit silently observ’ant, listening to the talk ring- 
ing out from neighbor to neighbor, seeing the inhabitants drow’sing in 
their doorways, taking it all in with nostalgia — the sage smell on the wind, 
the sunlight without time, the village without destiny. We can look, but 
we can never go back. It is prairic'-dog town. 

“Whirl is king,” said Aristophanes, and never since lib began was Whirl 
more truly king than eighty million years ago in the dawn of the Age of 
Mammals. It would come as a shock to those who believe firmly that the 
scroll of the future is fixed and the roads determined in advance, to ob- 
sc'rve the teetering balanc e of earth’s history through the age of the Pa- 
Ic'occ'ue. The passing of the reptiles had left a hundred uninhabited life 
zones and a scrambling variety of newly radiating forms. Unheard-of spe- 
cies of giant gi'ound birds threatened for a moment to dominate the 
earthly sc ene. Tw^o separate orders of life contended at slightly different 
intervals for the pleasant grasslands — ^for the seeds and the sleepy bur- 
rows in the sun. 

Sometimes, sitting there in the mountain sunshine above prairie-dog 
town, I could imagine the attraction of that open world after the fern 
forest damp or the croaking gloom of carboniferous sxvamps. Tliere by 
a tTt*e root I could almost make him out, that shabby little Paloocene rat, 
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eternal tramp and world wanderer, father of all mankind. He ruffed his 
coat in the sun and hopped forward for a seed. It was to be a long time 
before he would be seen on the grass again, but he was trying to make 
up his mind. For good or ill there was to be one more chance, but that 
chance was fifty million years away. 

Here in the Paleocene occurred the first great radiation of the placental 
mammals, and among them were the earliest primates — the 2M)ological 
order to which man himself belongs. Today, with a few unimportant ex- 
ceptions, the primates are all arboreal in habit except man. For tliis rea- 
son we have tended to visualize all of our remote relatives as tree dwellers. 
Recent discoveries, however, have begun to alter this one-sided picture. 
Before the rise of the true rodents, the highly successful order to which 
present-day prairie dogs and chipmunks belong, the environment which 
they occupy had remained peculiarly open to exploitation. Into this zone 
crowded a varied assemblage of our early relatives. 

^n habitat,** comments one scholar, “many of these early primates may 
be thought of as the rats of the Paleocene. With the later appearance of 
tnie rodents, the primate habitat was markedly restricted.” The bone hunt- 
ers, in other words, have succeeded in demonstrating tliat numerous pri- 
mates reveal a remarkable development of rodentlike characteristics in 
the teeth and skull during this early period of mammalian evolution. The 
movement is progressive and distributed in several different ^oups. One 
form, although that of a true primate, shows similarities to tlie modem 
kangaroo rat, which is, of course, a rodent. TTierc is little doubt tliat it 
was a burrower. 

It is this evidence of a lost chapter in the history of our kind that I used 
to remember on the sunny slope above prairie-dog town, and that enables 
me to say in a somewhat figurative fashion that we were driven out of it 
once ages ago. We are not, except very remotely as mammals, related to 
prairie dogs. Nevertheless, through several million years of Paleocene 
time, the primate order, instead of being confined to trees, was experi- 
menting to some extent with the same grassland burrowing life that tlie 
rodents later perfected. The success of these burrowers crowded tlie pri- 
mates out of this environment and forced them back into the dtjmain of 
the branches. As a result, many primates, by that time highly specialized 
for a ground life, became extinct. 

In the restricted world of the trees, a “refuge area,” as the zoologist 
would say, the others lingered on in diminished munbers. Our ancient 
relatives, it appeared, were beaten in their attempt to expand upon the 
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ground; they were dying out in the temperate zone, and their significance 
as a widespread and diversified group was fading. The shabby pseudo rat 
I had seen ruffing his coat to dry after the night damps of the reptile age, 
had ascended again into the green twilight of the rain forest. The chat- 
terers with the ever growing teeth were his masters. The sunlight and the 
grass belonged to them. 

It is conceivable tliat except for the invasion of the rodents, the pri- 
mate line might even liave abandoned the trees. We might be there on 
the grass, you and I, barking in the high-plains sunlight. It is true we 
came back in fifty million years with the cunning hands and the eyes that 
the tree world gave us, but was it victor) ? Once more in memory I saw 
the high blue evening fall sleepily upon that village, and once more swung 
the car to leave, lifting, as I always did, a figurative lantern to some am- 
biguous crossroads sign within my brain. The pointing arms were name- 
less and nameless were the distances to wliich they pointed. One took 
one's choice. 

I ceascHil my daydreaming then, squeezed myself out of the crevice, 
shook out my pipe, and started chipping once more, the taps sounding 
along the inward-leaning w^alls of the Slit like the echo of many footsteps 
ascending and descending. I had come a long way down since morning; 
I had projected myself across a dimension I was not fitted to traverse in 
the flesh. In tlie end I collected my tools and climbed painfully up through 
the colossal debris of ages. When I put my hands on the surface of the 
crack I lookwi all about carefully in a sudden anxiety that it might not be 
a grazing horse that I would see. 

He had not visibly changed, however, and I mounted in some slight 
trepidation and rode off, having a memory for a camp — if I had gotten a 
foot in the right era — which should lie somewhere over to the \vt>st. I did 
not, however, escape totally from that brief imprisonment. 

Perhaps the Slit, with its exposed bones and its far-off vanishing sk\% 
has come to stand symbolically in my mind for a dimension denied to man, 
the dimension of time. Like the wistaria on the garden wall he is rooted 
in his particular century. Out of it — for%vard or backward — ^he cannot 
run. As he stands on his circTimscribed pinpoint of time, his sight for the 
past is growing longer, and even the shadowy outlines of the galactic fu- 
ture are growing clearer, though his owm fate he cannot yet sec. Along the 
dimension of time, man, like the rooted \ine in spac^e, may never pass in 
person. Considering the inmmierable dcvic'es by w’hich the mindless ixH^t 
hiUJ evadc^l the limitations of its own stability, however, it may w^ell be 
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that man himself is slowly achieving powers over a new dimension — a di- 
mension capable of presenting liim with a wisdom he has barely begun 
to discern. 

Through how many dimensions and how many media will life have to 
pass? Down how many roads among the stars must man propel himself 
in search of the final secret? The journey is difficult, immense, at times 
impossible, yet that will not deter some of us from attempting it. We can- 
not know all tliat has happened in the past, or the reason for all of these 
events, any more than we can with surety discern what lies ahead. We 
have joined the caravan, you might say, at a certain point; we will travel 
as far as we can, but we cannot in one lifetime see all that we would like 
to see or learn all that we hunger to know. 

The reader who would pursue such a journey with me is warned that 
the essays in this book have not been brought together as a guide but are 
offered rather as a somewhat un(X)nventional record of the prowlings of 
one mind which has sought to explore, to understand, and to enjoy the 
miracles of this world, both in and out of science. It is, without doubt, 
an inconsistent record in many ways, compounded of fear and hope, for 
it has grown out of the seasonal jottings of a man preoccupied with time. 
It involves, I see now as I come to put it together, the four ancient ele- 
ments of the Greeks: mud and the fire within it we call life, i^ast waters, 
and sometliing — space, air, the intangible subst^mce of hope which at the 
last proves unanalyzable by science, yet out of which the human dream 
is made. 

Forward and backward I have gone, and for me it has been an immense 
journey. Those who accompany me need not look for science in the usual 
sense, though I have done all in my power to avoid errors in fact. I have 
given the record of what one man thought as he pursued research and 
pressed his hands against the confining walls of scientific melliod in 
his time. It is not, I must confess at the outset, tm account of discovery 
so much as a confession of ignorance and of the final illumination that 
sometimes comes to a man when he is no longer can^ful of his pride. In 
the last three chapters of the book I have tried to put down such miiacles 
as can be evoked from common earth. Kut men see differently, I can at 
best report only from my own wilderness. The important thing is that each 
man possess such a wilderness and that he c-onsidcr what marvels are to 
be observed there. 

Finally, I do not pretend to have set down, in Baconian terms, a true, 
or even a consistent model of the universe. I can only say that here is a 
bit of my personal universe, the universe traversed in a long and uncom- 
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pleted journey. If my record, like those of the sixteenth-century voyagers, 
is confused by strange beasts or monstrous thoughts or sights of abortive 
men, these are no more than my eyes saw or my mind conceived. On tlie 
world island we are all castaways, so that what is seen by one may often 
be dark or obscure to another. 


The fore^oin^ is the first essay 
in Eiseleys the immense journey. 
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jt^achel Carson was bom at Springdale, Pennsylvania, in 1907. 
She studied at Pennsylvania College for Women (Chatliam Col- 
lege) and received an M.A. from Johns Hopkins University, in Balti- 
more, Maryland, in 1932. She was an assistant in zoology at the Uni- 
versity of Maryland (1931-36), and an assistant in zoology at Johns 
Hopldns during the summers of the same years. She undertook re- 
search at the Marine Biological Laboratory at Woods Hole, Massa- 
chusetts. From 1952 she was an associate of the Woods Hole Oceano- 
graphic Institution. 

1936 she joined what is now called the U.S. Fish and Wildlife 
Service, a branch of the Department of the Interior. In 1949 she be- 
came the service’s editor-in-chief. 

The Sea around Us, fronr which the following selection is taken, 
was published m 1951. The book won many prizes, including the 
National Book Award. A prize-winning documentary movie was 
made from it. Miss Carson is also the author of Under the Sea Wind 
(1941), TheEdgeofthe Sea (1955), and Silent Spring (1962). The 
last is a brilliantly written polemic against the indiscriminate use of 
insecticides which have the effect of producing irreversible changes 
in the ecological balance. It has been the cause of much discussion 
and controversy. She died at Silver Spring, Maryland, on April 14, 
1964 ‘ 

Xt has been claimed that the scientist and the poet have much in 
conunon and should be friends. They seldom are; and it is even 
more rare, as is the case with Miss Carson, to find them combined in 
one single person. Miss Carson has published poems and scientific 
papers. The Sea around Us partakes of both forms of communication 
between human beings. 
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Poetry may, perhaps should, contradict itself; the theory is, at 
least, that science should not. By her use of metaphor and of exag- 
geration, or of hyperbole. Miss Carson proclaims her poetic inclina- 
tions. She speaks of that “lialf the earth that is covered by miles- 
deep, lightless water, that has been dark since the world began.” 
Earlier in the volume, however, she had recounted how the world — 
by this she means the earth — existed for himdreds of millions of 
years before there was any ocean at all. Nevertheless, "dark since 
the world began” is an eflPective phrase, and it gives the reader 
exactly the impression desired: that is, of an environment that is 
unchangingly, “eternally” dark. 

Again, Miss Carson refers to the "endless night” of this same por- 
tion of the deep, or “sunless,” sea. She speaks of the “abysmal 
depths” of the sea, and of the “abyssal creatures” that live there. 
Such words are forcefully connotative; they remind the reader of 
those descriptions which are common among poets, and which em- 
phasize the beauty, terror, and mystery of the sea. 

The Sea around Us is a superior work of scientific popularization, 
and the chapter from it reprinted below is noteworthy for the 
amount of knowledge it disseminates, as well as for tlie charming 
and, indeed, awe-inspiring way in which it does so. But it should be 
pointed out tliat much research has been done, much investigation 
undertaken, in the deep sea since 1951. The puzzling question of the 
"phantom bottom” has been answered: it is plankton, after all. The 
true bottom of the deep ocean has in many places now been mapped. 
Nevertheless, it is still correct, as Miss Carson says, that “tliis region 
has withheld its secrets more obstinately than any other.” It is 
claimed tliat more is known about the depths of space than about 
the ocean deptlis of our own planet. 

\Vliy this should be so is not entirely clear. The sea is, of course, 
dangerous to land animals, and to man. But so are the high moun- 
tains, and they have been explored for a century. And so is space. 
The darkness of the deep sea — the “endless night” to which Miss 
Carson refers, and which she makes so vivid — may be at the heart 
of the problem. Men are even more animals of the light than of the 
land. Is there not something intrinsically frightening about dark 
water? So at least the dreams of human beings would seem to 
indicate. If so, then Miss Carson’s poetic language may be jtist 
right for talking about the deep sea. Poetry has been from time im- 
memorial man’s way of dealing with the terrors of the dark un- 
known. 



The Sunless Sea 


B WTiere groat whales come sailing by, 

Sail and sail, unshut eye. 

Matthew Arnold. 

etween the sunlit surface waters of the open sea and the liiddcn 
hills and valleys of the ocean floor lies the least known region of the sea. 
These deep, dark waters, with all their inysterit's and their unsolved 
problems, cover a very considerable part of the earth. The wholes world 
ocean extends over about three-fourths of the surface of the globe. If we 
subtract the shallow areas of the continental shelves and the scatter('d 
banks and shoals, where at least the pale ghost of sunlight moves over the 
underlying bottom, there still remains about half the earth that is covered 
by miles-deep, lightless vvalei', that has been dark since the world began. 

This region has withheld its secrets more obstinattdy than any other. 
Man, with all his ingenuity, has been able to venture only to its threshf)ld. 
Carrying tanks of compressed air, he can swim d()wn to depths of about 
300 feet. He can descend about 500 feet wearing a diving h(‘lmet and a 
rubberized suit. Only a few men in all the history of the world have had 
the experience of descending, alive, beyond the range of visilde light. The 
first to do so were William Beebe and Otis Barton; in the bathysphere, 
they reached a depth of 3,028 feet in the open ocean off Bermuda, in the 
year 1934. Barton alone, in the summer of 1949, descended to a depth of 
4,500 feet off California, in a steel .sphere of somewhat different design; 
and in 1953 French divers penetrated depths greater than a mile, existing 
for several hours in a zone of cold and darkness where the presence of liv- 
ing man had never before been known. 

Although only a fortiinate few can ever visit the deep sea, the precise 
instruments of the oceanographer, recording light penetration, pressure, 
salinity, and temperature, have given us the materials with which to re- 
construct in imagination these eerie, forbidding regions. Unlike the siir- 
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face waters, which are sensitive to every gust of wind, which know day 
and night, respond to the pull of sun and moon, and change as the sea- 
sons change, the deep waters are a place where change comes slowly, if 
at all. Down beyond the reach of the sun's rays, there is no alternation of 
light and darkness. There is rather an endless night, as old as the sea it- 
self. For most of its creatures, groping their way endlessly through its 
black waters, it must be a place of hunger, where food is scarce and 
hard to find, a shelterless place where there is no sanctuary from ever 
present enemies, where one can only move on and on, from birth to death, 
through the darkness, confined as in a prison to his own particular layer 
of the sea. 

They used to say that nothing could live in the deep sea. It was a belief 
that must have been easy to accept, for without proof to the contrary, 
how could anyone conceive of life in such a place? 

A centiEy 9go the British biologist Edward Forbes wrote: “As we de- 
scend deeper and deeper into this region, the inhabitants become more 
and more modified, and fewer and fewer, indicating our approach to 
an abyss where life is either extinguished, or exhibits but a few sparks 
to mark its lingering presence,” Yet Forbes urged further exploration of 
“this vast deep-sea region” to settle forever the question of the existence 
of life at great depths. 

Even then, the evidence was accumulating. Sir John Ross, during his 
exploration of the arctic seas in 1818, had brought up from a depth of 
1,000 fathoms mud in which there were wonns, “thus proving there was 
animal life in the bed of the ocean notwithstanding the darkness, stillness, 
silence, and immense pressure produced by more than a mile of superin- 
cumbent water.” 

Then from the surveying ship Bulldogs examining a proposed northern 
route for a c*able from Faeroe to Labrador in i860, came another report. 
The BuUdogs sounding line, which at one place had been allowed to lie 
for some time on the bottom at a depth of 1,260 fathoms, came up with 
13 starfish clinging to it. Through these starfish, the ship's naturalist wrote, 
“the deep has sent forth the long coveted message.” But not all the zoolo- 
gists of the day were prepared to acc pt the message. Some doubters 
asserted that the starfish had “convulsively embraced” the line some- 
where on the way back to the surface. 

In the same year, i860, a cable in the Mediterranean was raised for 
repairs from a depth of 1,200 fathoms. It was found to be heavily en- 
crusted with corals and other sessile animals that had attached them- 
selves at an early stage of development and grown to maturity over 
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a period of montlis or years. There was not the slightest chance that they 
had become entangled in the cable as it was being raised to the surface. 

Then the Challenger, the first ship ever equipped for oceanographic 
exploration, set out from England in the year 1872 and traced a course 
around the globe. From bottoms lying under miles of water, from silent 
deeps carpeted with red clay ooze, and from all the lighdess intermediate 
depths, net-haul after net-haul of strange and fantastic creatures came 
up and were spilled out on the decks. Poring over the weird beings tlius 
brought up for the first time into the light of day, beings no man had 
ever seen before, the Challenger scientists realized that life existed 
even on tlie deepest floor of the abyss. 

The recent discovery that a living cloud of some unknown creatures is 
spread over much of the ocean at a depth of several hundred fathoms 
below the surface is the most exciting tiling that has been learned about 
the ocean for many years. 

When, during the first quarter of the twentietli century, echo sounding 
was developed to allow ships while under way to record the depth of tlie 
bottom, probably no one suspected that it would also provide a means 
of learning something about deep-sea hfe. But operators of the new in- 
struments soon discovered that the sound waves, directed downward from 
the ship like a beam of light, were reflected back from any selid object 
they met. Answering echoes were returned from intermediate depths, 
presumably from scliools of fish, whales, or submarines; then a second 
echo was received from the bottom. 

These facts were so well established by the late 1930’s that fishermen 
had begun to talk about using their fathometers to search for schools of 
herring. Tlien the war brought the whole subjei't under strict security 
regulations, and little more was heard about it. In 1946, however, the 
United States Navy issued a significant bulletin. It was reported that 
several scientists, working with sonic equipment in deep water off the 
California coast, had discovered a widespread “layer” of some sort, which 
gave back an answering echo to the sound waves. This reflecting layer, 
seemingly suspended between the surface and the floor of the Pacific, 
w'as found over an area 300 miles wide. It lay from 1,000 to feet be- 
low the surface. The discovery was made by three scientists, C. P. Eyring, 
R. J. Christensen, and R. W. Raitt, aboard the U.S.S. Jasper in 1942, and 
for a time this mysterious phenomenon, of wholly unknown nature, was 
called the ECR layer. Then in 1945 Martin W. Johnson, marine biologist 
of the Scripps Institution of Oceanography, made a further discovery 
which gave the first clue to the nature of the layer. Working aboard the 
vessel E. W. Scripps, Johnson found that whatever sent back the echoes 
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moved upward and downward in rhythmic fashion, being found near 
tile surface at night, in deep water during the day. This discovery dis- 
posed of speculations that the reflections came from something inanimate, 
perhaps a mere physical discontinuity in the water, and showed that the 
layer is composed of living creatures capable of controlled movement. 

From tills time on, discoveries about the sea’s “phantom bottom” came 
rapidly. With widespread use of echo-sounding instruments, it has become 
clear that the phenomenon is not sometliing peculiar to the coast of 
California alone. It occurs almost universally in deep ocean basins— drift- 
ing by day at a depth of several hundred fathoms, at night rising to the 
surface, and again, before sunrise, sinking into the depths. 

On the passage of tlie U.S.S. Henderson from San Diego to the Antarc- 
tic ill 1947, the reflecting layer was detected during the greater part of 
each day, at depths varying from 150 to 450 fathoms, and on a later 
run from ^an Diego to Yokosuka, Japan, the Hendersons fathometer again 
recorded the layer every day, suggesting that it exists almost continuously 
across the Pacific. 

During July and August 1947, the U.S.S. Nercus made a continuous 
fathogram from Pearl Harbor to th<5 Arctic and found the scattering 
layer over all deep waters along this course. It did not develop, however, 
in the shallow Bering and Chuckchee seas. Sometimes in the^ morning, 
the Ncrens^ fathogram showed two layers, responding in diflFerent ways to 
(he growing illumination of the water; both descended into deep water, 
but there was an inlei-val of twenty miles between the two descents. 

Despite^ attempts to sample it or photograph it, no one is sure what 
the layer is, although the disc’over\ may be made any day. There are three 
principal tlicoric s, each of which has its group of supporters. According 
to these theories, the sea’s phantom Ix^ttom may consist of small plank- 
tonic shrimps, of fishes, or of squids. 

As for the plankton theory^ one of the most con\Tncing arguments is the 
well-known fai t that many plankton creatures make regular vertical 
migiations of hundreds of feet, rising toward the surface at night, sink- 
ing down below (lie zone of light penetration very early in the morning. 
This is, of course, exactly the behavior of tlie scattering layer. Wliatever 
eoinposes it is apparently strongly repelled by sunlight. The creatures 
of the layer seem almOxSt to bo held prisoner at tlie end— or beyond the 
tmd — of the sun’s ra)S throughout the hours of daylight, waiting only for 
the welcome n^tuni of darkness to hurry upward into the surface waters. 
But wdiat is the power that repels; and what tlie attraction that draw^ 
them surfaceward once the inhibiting forc'c is removed? Is it compara- 
tive safety from cniMuies that makes tlicm seek darkness? Is it more 
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abundant food near the surface that lures them back under cover of 
night? 

Those who say that fish are the reflectors of the sound waves usually 
account for the vertical migrations of the layer as suggesting that the 
fish are feeding on planktonic shrimp and are following their food. They 
believe that the air bladder of a fish is, of all structures concerned, 
most likely from its construction to return a strong echo. Tliere is one 
outstanding diEBculty in the way of accepting this theory: we have no 
other evidence that concentrations of fish are universally present in the 
oceans. In fact, almost everything else we know suggests that the really 
dense populations of fish live over the continental shelves or in cer- 
tain very definite determined zones of the open ocean where food is par- 
ticularly abundant. If the reflecting layer is eventually proved to be 
composed of fish, the prevailing views of fish distribution will have to be 
radically revised. 

The most startling theory ( and the one that seems to have the fewest 
supporters) is that the layer consists of concentrations of squid, ‘'hovering 
below the illuminated zone of the sea and awaiting the arrival of dark- 
ness in which to resume their raids into the plankton-rich suiface 
waters." Proponents of this theory argue that squid are abundant enough, 
and of wide enough distribution, to give the echoes that^have been 
picked up almost everywhere from the equator to the two poles. Squid 
are known to be the sole food of the sperm whale, found in the open 
oceans in all temperate and tropical waters. Tliey also form the exclusive 
diet of the bottlenosed whale and are eaten extensively by most other 
toothed whales, by seals, and by many sea birds. All these facts argue 
that they must be prodigiously abundant. 

It is true that men who have worked close to the sea surface at night 
have received vivid impressions of the abundance and activity of sqtiids 
in the surface waters in darkness. I-ong ago Johan Hjort wrote: 

One night we were hauling long lines on the Faeroe slope, working 
with an electric lamp hanging over the side in order to see the line, 
when like lightning flashes one squid after another shot towards the light. 
... In October, 1902, we were one night steaming outside the slopes 
of the coast banks of Norway, and for many miles we could see the squids 
moving in the surface waters like luminous bubbles, resembling large 
milky white electric lamps being constantly lit and extinguished. 

Thor Heyerdahl reports that at night his raft was literally bombarded 
by squids; and Richard Fleming says that in his oceanographic work off 
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the coast of Panamd it was common to see immense schools of squid 
gathering at the surface at night and leaping upward toward the lights 
that were used by the men to operate their instruments. But equally 
spectacular surface displays of shrimp have been seen, and most 
people find it difficult to believe in the ocean-wide abundance of squid. 

Deep-water photography holds much promise for the solution of the 
mystery of the phantom bottom. There are technical diflBculties, such as 
the problem of holding a camera still as it swings at the end of a long 
cable, twisting and turning, suspended from a ship which itself moves 
with the sea. Some of the pictures so taken look as though the photog- 
rapher has pointed his camera at a starry sky and swung it in an arc as 
he exposed the film. Yet the Norwegian biologist Giinnar Rollefson had 
an encouraging experience in correlating photography with echo- 
grams. On the research sliip Johan Hjort oB the Lofoten Islands, he per- 
sistently got reflection of sound from schools of fish in 20 to 30 fathoms. 
A specially constructed camera was lowered to the depth indicated by 
the echogram. When developed, the film showed moving shapes of fish 
at a distance, and a large and clearly recx^gnizable cod appeared in the 
beam of light and hovered in front of the lens. 

Direct sampling of the layer is the logical means of discovering its 
identity, but the problem is to develop large nets that can be operated 
rapidly enough to capture swift-moving animals. Scientists at Woods Hole, 
Massachusetts, have towed ordinary plankton nets in the layer and 
have found that cuphausiid shrimps, glassworms, and other deep-water 
plankton are concentrated there; but there is still a possibility that the 
layer itself may actually be made up of larger forms feeding on the 
shrimps — too large or swift to be taken in the presently used nets. New 
nets may give the answer. Television is another possibility. 

Shadowy and indefinite though they be, these recent indications of an 
abundant life* at mid-depths agree with the reports of the only ob- 
servers who have <ictually visited comparable depths and brought back 
eyewitness accounts of what they saw. ^^'illiam Beebe's impressions from 
the bathysphere wt're of a life far more abundant and varied than he had 
been prepared to find, although, over a pt‘riod of six years, he had made 
many hundreds of net hauls in the same area. More than a quarter of a 
mile down, he reported aggregations of living things ‘as thick as I have 
ev(*r seem tht‘m.” At half a mile — the deep(*st descent of the bathysphere 
— Dr. Beebe recalled that “there was no instant when a mist of plankton 
. . . wjis not swirling in the path of the beam.” 

The existence of an abundant deep-sea fauna was discovered, prob- 
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ably millions of years ago, by certain whales and also, it now appears, 
by seals. The ancestors of all whales, we know by fossil remains, were 
land mammals. They must have been predatory beasts, if we are to judge 
by their powerful jaws and teeth. Perhaps in their foragings about the 
deltas of great rivers or aroiuid the edges of shallow seas, they dis- 
covered the abimdance of fish and other marine life and over the cen- 
turies formed tlie habit of following them fartlier and farther into tlie 
sea. lattle by little their bodies took on a form more suitable for aquatic 
life; tlieir liind limbs were reduced to rudiments, which may be dis- 
covered in a modem whale by dissection, and the forelimbs were modi- 
fied into organs for steering and balancing. 

Eventually the whales, as though to divide the sea’s food resources 
among them, became separated into three groups; the plankton-eaters, 
the fish-eaters, and the squid-eaters. Ihe plankton-eating whales can 
exist only where there are dense masses of small shrimp or copepods to 
supply their enormous food requirements. Tliis limits them, except for 
scattered areas, to arctic and antarctic waters and the high temperate 
latitudes. Fish-eating whales may find food over a somewhat wider range 
of ocean, but they are restricted to places where there are enormous 
populations of schoohng fish. The blue water of the tropics and of the open 
ocean basins offers little to either of these groups. But tl>ftt immense, 
square-headed, formidably toothed whale known as the cachalot or 
sperm whale discovered long ago what men have known for only a short 
time — that hundreds of fathoms below the almost imlenanted surfaa^ 
waters of these regions there is an abundant animal life. Tlie sperm whale 
has taken these deep waters for his hunting grounds; his quarry is the 
deep-water population of squids including the giant squid Architeuthis, 
which lives pelagically at depths of 1,500 feet or more. The head of the 
sperm whale is often marked vrith long stripes, which consist of a great 
number of circular scars made by the suckers of the squid. From this 
evidence we can imagine the battles that go on, in tlie darkness of 
the deep water, betwe^ these two huge creatures — the sporm whale 
with its 70-ton bulk, the squid with a Ixidy as long as 30 feet, and writhing, 
grasping arms extending the total length of the animal to perhaps 50 
feet. 

The greatest depth at which the giant squid lives Ls not definitely 
known, but there is one instructive piece of evidence about the depth 
to which sperm whales descend, presumably in search of the squids. 
In April, 1932, the cable repair ship All America was investigating an ap- 
parent break in the submarine cable between Balboa in the Canal Ztme 
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and Esmeraldas, Ecuador. The cable was brought to the surface off the 
coast of Colombia. Entangled in it was a dead 45-foot male sperm 
whale. The submarine cable was twisted around the lower jaw and was 
wrapped around one flipper, the body, and the caudal flukes. The cable 
was raised from a depth of 540 fathoms, or 3,240 feet. 

Some of the seals also appear to have discovered the hidden food re- 
serves of the deep ocean. It has long been something of a mystery where, 
and on what, the northern fur seals of the eastern Pacific feed during 
the winter, which they spend off tlie coast of North America from Cali- 
fornia to Alaska. There is no evidence that they are feeding to any 
great extent on sardines, mackerel, or other commercially important 
fishes. Presumably four million seals could not compete with commercial 
fishermen for the same species without the fact being known. But there is 
some evidence on the diet of the fur seals, and it is highly significant. 
Their stomachs have yielded the bones of a species of fish that has never 
been seen alive. Indeed, not even its remains have been found anywhere 
except in the stomachs of seals. Ichthyologists say that this “seal fish*^ be- 
longs to a group that typically inliabits very deep water, off the edge of 
the continental shelf. 

How either whales or seals endme the tremendous pressure changes in- 
volved in dives of several hundred fathoms Ls not definitely known. They 
are warm-blooded mammals like ourselves. Caisson disease, wliich is 
caused by the rapid accumulation of nitrogen bubbles in the blood with 
sudden release of^ pressure, kills human divers if they are brought up 
rapidly from depths of 200 feet or so. Yet, according to the testimony of 
whalers, a baleen whale, when harpooned, can dive straight down to a 
depth of half a mile, as measured by the amount of line carried out 
From these depths, where it has sustained a pressure of half a ton on 
every inch of body, it returns almost immediately to the surface. Tlie most 
plausible explanation is that, unlike the diver, who has air pumped to 
him while he is under water, the whale has in its body only the limited 
supply it carries down, and does not have enough nitrogen in its blood to 
do serious harm. Hie plain truth is, how^ever, that we really do not 
know, since it is obviously impossible to confine a living whale and experi- 
ment on it, and almost as difficult to dissect a dead one satisfactorily. 

At first thought it seems a paradox that creatures of such great fragility 
as the glass sponge and the jellyfish can live under the conditions of im- 
mense pressure Aat prevail in deep water. For creatures at home in 
tlio dwp sea, however, the saving fact is that the pressiue inside their 
tissues is the same as tliat without, and as long as this balance is preserved, 
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they are no more inconvenienced by a pressure of a ton or so than we are 
by ordinary atmospheric pressure. And most abyssal creatures, it must 
be remembered, live out their whole lives in a comparatively restricted 
zone, and are never required to adjust themselves to extreme changes of 
pressure. 

But of course there are exceptions, and the real miracle of sea life 
in relation to great pressure is not the animal that lives its whole life on 
the bottom, bearing a pressiure of perhaps five or six tons, but those 
that regularly move up and down through hundreds or thousands of 
feet of vertical change. The small shrimps and other planktonic 
creatures that descend into deep water during the day are examples. 
Fish that possess air bladders, on the other hand, are vitally affected by 
abrupt changes of pressure, as anyone knows who has seen a trawler’s net 
raised from a hundred fathoms. Apart from the accident of being cap- 
tured in a net and hauled up through waters of rapidly diminishing pres- 
sures, fish may sometimes wander out of the zone to wliich they are 
adjusted and find themselves unable to return. Perhaps in their pur- 
suit of food they roam upward to the ceiling of the zone that is theirs, 
and beyond whose invisible boundary they may not stray without meet- 
ing alien and inhospitable conditions. Nioving from layer to layer of drift- 
ing plankton as they feed, they may pass beyond the boundary. In the 
lessened pressure of these upper waters the gas enclosed within the air 
bladder expands. The fish l>ocomes lighter and more buoyant. Perhaps he 
tries to fight his way down again, opposing the upward lift with all the 
power of his muscles. If he does not succeed, he ‘"falls” to the surface, 
injured and dying, for the abrupt release of pressure from without 
causes distension and rupture of the tissues. 

The compression of the sea under its own weight is relatively slight, 
and there is no basis for the old and picturesque belief that, at the 
deeper levels, the water resists the downward passage of objects from the 
surface. According to this belief, sinking ships, the l>odies of drowned 
men, and presumably the bodies of the larger sea animals not consumed 
by hungry scavengers, never reach the bottom, but come to rest at some 
level determined by the relation of their own weight to the compression 
of the water, there to drift forever. The fact is that anything will con- 
tinue to sink as long as its specific gravity is greater than that of the 
surrounding water, and all large bodies descend, in a matter of a few 
days, to the ocean floor. As mute testimony to this fact, we bring up from 
the deepest ocean basins the teeth of sharks and the hard ear bones 
of whales. 
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Nevertheless the weight of sea water — the pressing down of miles of 
water upon all the underlying layers— does have a certain eflFect upon the 
water itself. If this downward compression could suddenly be relaxed by 
some miraculous suspension of natural laws, the sea level would rise about 
93 feet all over the world. This would shift the Atlantic coastline of 
the United States westward a hundred miles or more and alter other 
familiar geographic outlines all over the world. 

Immense pressure, then, is one of the governing conditions of life in 
the deep sea; darkness is another. The unrelieved darkness of the deep 
waters has produced weird and incredible modifications of the abyssal 
fauna. It is a blackness so divorced from the world of the sunlight that 
probably only the few men who have seen it with their own eyes can 
visualize it. We know that light fades out rapidly with descent below 
the surface. Tlie red rays are gone at the end of the first 200 or ^00 feet, 
and with them all the orange and yellow warmth of the sun. Then the 
greens fade out, and at i,ooo feet only a deep, dark, brilliant blue is left. 
In very clear waters the x'iolet rays of the spectrum rnav penetrate an- 
otlier tliousand feet. Beyond this is only the blackness of the dt'ep sea. 

In a curious way, the colors of marine animals tend to be related to 
the zone in whicli they Ih^e. Fishes of the surface waters, like the mackerel 
and herring, often are blue or green; so are the floats of the Porhiguese 
mcn-of-war and the azure-tinted wings of the swimming snails. Down 
below the diatom meadows and the drifting sargassum weed, where the 
water b(‘C'om(»s t'Ncr more dc'eplv, brilliantly blue, many creatures are 
crystal clear. Their glassy, ghostly forms blend with their surroundings 
and make it easier for them to elude the ever-present, ever-hungry 
enemy. Such are the transparent hordes of the urrowworms or glass- 
worms, the a^mb jellies, and the larvae of many fishes. 

At a thousand feet, and on down to the very end of the sun's rays, 
silvery fishes are common, and many others are red, drab brown, or 
black. Pteropods are a dark violet. Arrowworms, whose relatives in the 
upper la\’ers are c^olorless, are here a deep red. Jellyfish medusae, which 
above would be transparent, at a depth of 1,000 feet are a deep brown. 

At depths greater tlian 1,500 feet, all the fishes are black, deep violet, 
or brown, but the prawns wear amazing hues of red, scarlet, and purple. 
Why, no one can say. Since all the red rays are strained out of the water 
far above this depth, the scarlet raiment of these creatures can only 
look black to their neighbors. 

The d(‘ep sea has its stars, and p<Thaps here and there an eerie and 
transient ecpiivalcnt of moonlight, for the mysterious phenomenon of 
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huninescence is displayed by perhaps half of all the fishes that live in 
dimly lit or darkened waters, and by many of the lower forms as well. 
Many fishes carry luminous torches that can be turned on or off at will, 
presumably helping them find or pursue their prey. Others have rows of 
lights over their bodies, in patterns that vary from species to species 
and may be a sort of recognition mark or badge by which the bearer can 
be known as friend or enemy. The deep-sea squid ejects a spurt of fluid 
that becomes a luminous cloud, the counterpart of the “ink” of his shal- 
low-water relative. 

Down beyond the reach of even the longest and strongest of the sun’s 
rays, the eyes of fishes become enlarged, as though to make the most of 
any chance illumination of whatever sort, or tliey may become telescopic, 
large of lens, and protruding. In deep-sea fishes, hunting always in dark 
waters, the eyes tend to lose the “cones” or color-perceiving cells of the 
retina, and to increase the “rods,” which perceive dim light. Exactly the 
same modification is seen on land among the strictly nocturnal prowlers 
which, like abyssal fish, never see the sunlight. 

In their world of darkness, it would seem likely that some of the ani- 
mals might have become blind, as has happened to some cave fauna. So, 
indeed, many of them have, compensating for the lack of eyes with 
marvelously developed feelers and long, slender fins and processes with 
which they grope their way, like so many blind men with canes, their 
whole knowledge of friends^, enemies, or food coming to them through 
the sen.se of touch. 

The last traces of plant life are left behind in the thin upper layer of 
water, for no plant can live below about 600 feet even in very clear 
water, and few find enough sunlight for their food-maniifac^turing activi- 
ties below 200 feet. Since no animal can make its own food, the crea- 
tures of the deeper waters live a strange, almost parasitic existence of 
utter dependence on the upper layers. These hungry carnivores prey 
fiercely and relentlessly upon each oth(T, yet tlie whole community is 
ultimately dependent upon the slow rain of descending food particles 
from above. The components of this never-ending rain are the dead and 
dying plants and animals from the surface, or from one of the inter- 
mediate layers. For each of the horizontal zones or communities of the 
sea that lie, in tier after tier, between the surface and the soa bottom, 
the food supply is different and in general poorer than for the layer above. 
There is a hint of the fierce and uncompromising competition for food in 
the saber-tfx)thed jaws of some of the small, dragonlike fishes of the 
deeper waters, in the immense mouths and in the elastic and distensible 
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bodies that make it possible for a fish to swallow another several times 
its size, enjoying swift repletion after a long fast. 

Pressure, darkness, and — we should have added only a few years ago 
— silence, arc the conditions of life in the deep sea. But we know now 
that the conception of the sea as a silent place is wholly false. Wide ex- 
perience with hydrophones and other listening devices for the detection 
of submarines has proved that, around the shore lines of much of the 
world, there is the extraordinary uproar produced by fishes, shrimps, 
porjxuses and probably other forms not yet identified. Tliere has been 
little investigation as yet of sound in the deep, offshore areas, but when 
the crew of tlie Atlantis lowered a hydrophone into deep water off 
Bermuda, they recorded strange mewing sounds, shrieks, and ghostly 
moans, the sources of which have not been traced. But fish of shallower 
zones have been captured and confined in aquaria, where tlieir voices 
have been recorded for comparison with sounds heard at sea, and in many 
cases satisfactoiy identification can be made. 

During the Second World War the hydrophone netv\wk set up by the 
United States Navy to protect the entrance to Chesapeake Bay was tem- 
j)orarily made useless when, in the .spring of 1942, the speakers at tlie sur- 
face began to give forth, every evening, a sound described as being like 
"a pneumatic drill tearing up pavement.'' Tlie extraneous noises that 
came over the hydrophones completely masked the sounds of the pas- 
sage of ships. Eventually it \vas discovered that the sounds were the 
voice's of fish known as croakers, which in the sprinti; move into Chesa- 
peake Bay from tludr offshore wintering grounds. As .soon as the noise 
had been identified and analyzed, it was possible to screen it out with 
an electric filter, so that once more only tlie sounds c f ships came tlirough 
the speakers. 

Later in the same year, a chorus of croakers was discovered off the pier 
of the Scripps Institution at La Jolla. Every year from May until late 
September the evening chorus begins about simset, and “increases grad- 
ually to a steady upn)ar of harsh froggy croaks, with a background of 
soft dnimming. This continues unabated for two to tliree hours and 
finally tapers off to individual outbursts at rare intervals." Siweral species 
of croakers isolated in aquaria gave sounds similar to the “froggy 
croaks," but (he autliors of the soft background dmmming — presumably 
another si>ecies of croaker — ^liave not yet been discovered. 

One of the most extraordinarily widespread sounds of the undersea is 
the crackling, sizzling sound, like dr\' twigs burning or fat frying, heard 
near beds of the snapping shrimp. Tliis is a small, round shrimp, about 
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half an inch in diameter, with one very large claw which it uses to stun 
its prey. The shrimp are forever clicking the two joints of this claw to- 
gether, and it is the thousands of clicks that collectively produce the 
noise known as shrimp crackle. No one had any idea the little snapping 
shrimps were so abundant or so widely distributed until their signals be- 
gan to be picked up on hydrophones. They have been heard over a broad 
band that extends around the world, between latitudes 35"^ N. and 35^^ S. 
(for example, from Cape Hatteras to Buenos Aires) in ocean waters less 
than 30 fathoms deep. 

Mammals as well as fishes and crustaceans contribute to the undersea 
chorus. Biologists listening tlirough a hydrophone in an estuary of the St. 
Lawrence River heard ‘Tiigh-pitched resonant whistles and squeals, varied 
with the ticking and clucking sounds slightly reminiscent of a string 
orchestra tuning up, as well as mewing and occasional chirps.” This re- 
markable medley of sounds was heard only while schools of the wiiile 
porpoise were seen passing up or down the river, and so was assumed to 
be produced by them. 

The mysteriousness, the eeriness, the ancient unchangingness of the 
great depths have led many people to suppose that some very old forms 
of life — some “living fossils” — may be lurking undiscovered in the deep 
ocean. Some such hope may have bc^en in the minds of the ChaU 
lenger scientists. The forms they brought up in their nets were weird 
enough, and most of them -had never before been seen by man. But 
basically they were modem types. There was nothing like the trilobites 
of Cambrian time or the sea scorpions of the Silurian, nothing reminiscent 
of the great marine reptiles that invaded the sea in the Mesozoic. Instead, 
there were modem fishes, squids, and shrimps, strangely and grott'sqnely 
modified, to be sure, for life in the difficult deep-sea w'orld, but clearly 
types that have developed in rather recent geologic time. 

Far from being the original home of life, the deep sea has probably 
been inhabited for a relatively short time. While life was developing 
and flourishing in the surface waters, along the shores, and perhaps in 
the rivers and swamps, two immense regions of the earth still forbade 
invasion by living things. These were the continents and the abyss. As 
we have seen, the immense difficulties of surviving on land were first 
overcome by colonists from the sea about 300 million years ago. The abyss, 
with its unending darkness, its crushing pressures, its glacial cold, pre- 
sented even more formidable difficulties. Probably the successful invasion 
of this region — at least by higher forms of life — occurred somewhat later. 

Yet in recent years there have been one or two significant happenings 
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that have kept alive the hope that the deep sea may, after all, conceal 
strange links with the past. In December, 1938, ofiF the southeast tip of 
Africa, an amazing fish was caught alive in a trawl — a fish that was sup- 
posed to have been dead for at least 60 million yearsi This is to say, 
the last known fossil remains of its kind date from the Cretaceous, and no 
living example had been recognized in historic time until this lucky net- 
haul. 

The fishermen who brought it up in their trawl from a depth of only 
40 fathoms realized that this five-foot, bright blue fish, with its large 
head and strangely shaped scales, fins, and tail, was different from any- 
thing that they ever caught before, and on their return to port they 
took it to the nearest museum, where it was christened Latimeria. It 
was identified as a coelacanth, or one of an incredibly ancient group of 
fishes that first appeared! in the seas some 300 million years ago. Rocks 
repr(\senting the next 200 million and more years of earth history 
yielded tossil coelacanths; then, in the Cretaceous, the record of these 
fishes came to an end. After 60 million years of mysterious oblivion, 
one of the group, Latimeria, then appeared before the eyes of the 
South African fishermen, ap[)arently little changed in stnictiire from its 
ancient ancestors. But where had these fishes been in the meantime? 

Tlie story of the coelacanths did not end in 1938. Believing there must 
be other such fish in the sea, an ichthyologist in Soutli Africa, Professor 
J. L. B. Smith, began a patient search that lasted 14 years before it was 
successful. Then, in December, 1952, a second coelae.inth was captured 
near the island of Anjoiian, off the northwestern tip Madagascar. It 
differed enfiugh from Latimeria to be placed in a separate genus, but like 
the first c*o('Iacanth known in modern times, it can tell us much of a 
shadowy chapter in the evolution of living things. 

OccasionalK^ a verv primitive type of shark, known from its puckered 
gills as a “frillshark,** is taken in waters between a quarter of a mile and 
half a mile down. Most of these have been caught in Norwegian and 
Japanese waters — there are only alnnit 50 preserv’ed in the museums of 
Furope and America — but rt'ctntly one w^as captiirt'd off Santa Barbara, 
California. The fiillshark has many anatomical features similar to those 
of the ancient sharks that lived 25 to 30 million years ago. It has too 
many gills and too f('w d(^rsal fins for a modt^m shark, and its teeth, like 
those of fossil sharks, are three-pronged and briarlike. Some ichthyologists 
regard it as a ndic derived from very ancient shark ancestors that have 
di('d out in the upper waters but, through this single species, are still 
carrying on their struggle for earthly suxA'ival, in the quiet of the deep sea. 
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Possibly there are other such anachronisms hirldng down in these 
regions of which we know so little, but they are likely to be few and 
scattered. The terms of existence in these deep waters lue far too un- 
compromising to support life unless that life is plastic, molding itself 
constantly to the harsh amditions, seizing every advantage that makes 
possible the survival of living protoplasm in a world only a little less 
hostile tlian the black reaches of interplanetary space. 


The foregoing consisfs of Chapter 4 
from Rachel Carsons iiu; ska around i;s. 
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ahn Burdon Sanderson Haldane was bom on November 5, 1892, 
Studied at Eton and at New College, Oxford, and was elected a fel- 
low of New College in 1919. He became reader in biochemistry at 
Cambridge in 1922 and was appointed professor of genetics at Lon- 
don University in 1933. From 1937 to 1957 he was professor of bi- 
ometry at London, after wliich he hved and worked in India imtil 
his death on Dwember 1, 1964. 

He published papers on subjects in biology, botany, statistical 
theory, physiology, and chemistry, as well as a number of popular 
books. He conducted numerous experiments on tlie efiFects of various 
chemical and physical agents on the human body. In the course of 
such experiments, he often used liimself as subject, subjecting 
his own body to extreme stresses and strains. He had a wide knowl- 
edge of matliematics, as the following selection indicates, and he 
made contributions to physics, particularly to aspects of tlie theory 
of rehitivity. He was by profession a geneticist. In short, he was re- 
markably versatile as well as prolific. 

Also a Marxist, he was from 1940 to 1949 tlie chairman of the edi- 
torial board of the Lotidon Daihj Worker. It has been claimed that 
his political views sometimes influenced his scientific ones. If tliis is 
so, it is not evident in the famous httle essay reprinted here. 

Tbe main point of the essay is probably perfectly clear. It is that 
we are ruled, in our physical existence, by mathematics, and in a 
W'ay tliat we may never hav’e suspected. ‘ For every tv'pe of animal 
there is a most convenient size, and a large change in size inevitably 
carries with it a change of form.” We are prisoners of gravity; we 
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could not much alter ourselves without first altering the mathemati- 
cal laws of nature. Since the latter alteration seems impossible, at 
least on tins planet, it is likely that we will have to be content with 
our six feet and 180 pounds for a good many eons to come. 

Haldane does not content himself with pointing out what is, if you 
think about it, an obvious fact. He explains that “just as there is a 
best size for every animal, so the same is true for every human insti- 
tution.” He points out that the Greeks “held that a small city was 
the largest possible democratic state.” However, he goes on to say 
that “the English invention of representative go\'ernment made a 
democratic nation possible.” Is there an apparent contradiction 
here? 

“The higher animals are not larger than the lower because they are 
more complicated,” says Haldane. “They are more complicated be- 
cause they are larger.” The surface of something increases as the 
square of a dimension, the volume as the cube of it. The lea.st 
“numerate” person will recognize what a dramatic difference this is, 
when the dimension in question increases markedly. The difference, 
indeed, might be called tyrannical. Not only arc we niled by mathe- 
matics — we are the slaves of mathematics. “(Comparative anatomy 
is largely the story of the struggle to increase surface in proportion 
to volume.” 

Haldane’s little essay, a classic, forces us to think al)out such .seem- 
ingly obvious matters as size and weight — but in fresh ways. Every 
paragraph is packed with unexpected ideas. The whole discu.ssion is 
a perfect example of how a good scientist who is also a good writer 
can lead the layman to see the world of nature Irom a novel angle. 



On Being the Right Size 


J£L. he most obvious differences between different animals are dif- 
ferences of size, but for some reason the zoologists have paid singularly 
little attention to tliem. In a large textbook of zoolog) before me I find no 
indication that the eagle is larger than the spaiTow, or the hippopotamus 
bigger than the hare, though some grudging admissions are made in 
the case of the mouse and the whale. But yet it is easy to show that a 
hare could not be as large as a hippop)tanuis, or a whale as small as a 
herring. For every type of animal there is a most convenient size, and a 
large change in size inevit»il)ly carri<‘s with it a change of form. 

Let us take the most ()l)vious of possible easels, and consider a giant 
man sixty fet't high — about the height of Giant Pope' and Giant Pagan in 
the illustrated Pi/grims Progress of my childhood. These monsters were 
not only ten tinu's as higli as Christian, but ten times as wide and t( n 
times as thick, so that their total weight was a th()i4>and times his, or 
about ciglily to ninety tons. Unfortunately the cross sections of their 
bones were only a hundred times those of (>hrisfian, so that every square 
inch of giant l)one had to support ten times the weight borne by a 
s(}uare in<‘h of human bone. As the human thigh-bone breaks under 
alM)ul ten times the human w(*ight, Pope and Pagan would ha\'e broken 
their thighs eveiy^ time they took a step. This was doul>tless why they 
were sitting down in tin* pictuie I remember. But it lessens ones respect 
for Christian and Jack the Giant-Killer. 

To turn to zoologv, suppose that a gazelle, a graceful little creature 
with long thin legs, is to bivome large, 't will break its buues unless it 
does one of two things. It mav make its legs short and thick, like the 
rhinoceros, so that evi‘iv pound of weight has still about the same area of 
bone to support it. Or it can compress its body and stretch out its legs 
obliquely to gain stability, like tlie giraffe. I mention these hvo beasts 
because tliev happt'n to belong to the same ordtT as the gazelle, and 
both are quite sucwssful mechanically, Ix'ing rt nuirkably last runnei*s. 
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Gravity, a mere nuisance to Cliristian, was a terror to Pope, Pagan, 
and Despair. To the mouse and any smaller animal it presents practically 
no dangers. You can drop a mouse down a thousand-yard mine-shaft; and, 
on arriving at the bottom, it gets a slight shock and walks away. A rat 
would probably be killed, though it can fall safely from the eleventh 
story of a building; a man is killed, a horse splashes. For the resistance 
presented to movement by the air is proportional to the surface of the 
moving object. Divide an animals length, breadth, and height each by 
ten; its weight is reduced to a thousandth, but its surface only to a hun- 
dredth. So the resistance to falling in the case of the small animal is 
relatively ten times greater than the driving force. 

An insect, therefore, is not afraid of gravity; it can fall without danger, 
and can ding to the ceiling with remarkably little trouble. It can go in 
for elegant and fantastic forms of support like that of the daddy-long- 
legs. But there is a force w^hich is as formidable to an insc'C't as gravita- 
tion to a mammal. This is surface tension. A man coming out of a bath 
t'arries with him a film of water of about one-fiftieth of an inch in thick- 
ness. This weighs roughly a pound. A wet mouse has to cany about its 
own weight of water. A wet fly has to lift many times its own weight 
and, as every one knows, a fly once wetted by water or any other liquid 
is in a very serious position indeed. An insect going for a drink is in as 
great danger as a man leaning out ov^cr a precipice in search of food. If 
it once falls into the grip of the surface tension of tlie water — that is to 
say, gets wet — it is likely to remain so until it droums. A few insects, such 
as water-beetles, contrive to be iinwettable: the majority keep well away 
from their drink by means of a long proboscis. 

Of course tall land animals have other difficulties. Tliey have to pump 
their blood to greater heights than a man and, therefore, require a larger 
blood pressure and tougher blood-vessels. A great many men die from 
hurst arteries, especially in the brain, and this dangcT is presumably 
still greater for an elephant or a giraffe. But animals of all kinds find 
difficulties in size for the following reason. A typical small animal, say a 
rnicTOsa^pic wonn or rotifer, has a smooth skin tlirough which all the 
oxygen it requires can soak in, a straight gut with sufficient surface to 
absorb its IockI, and a simple kidney. Increase its dimensionis tenfold in 
every direction, and its weight is increased a thousand times, so that if 
it is to use its muscles as efficiently as its miniature counterpart, it will 
need a thousand times as much food and oxygen per day and will 
excrete a thousand times as much of waste products. 

Now if its shape is unaltered its surface will be incTeased only a hun- 
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dredfold, and ten times as much oxygen must enter per minute throu^ 
each square millimetre of skin, ten times as much food through each 
square millimetre of intestine. When a limit is reached to their absorptive 
powers tlieir surface has to be increased by some special device. For 
example, a part of the skin may be drawn out into tufts to make gills or 
pushed in to make lungs, thus increasing tlie oxygen-absorbing sm^face in 
proportion to tlie animaFs bulk. A man, for example, has a hundred 
square yards of lung. Similarly, the gut, instead of being smooth and 
straight, becomes coiled and develops a velvety surface, and other organs 
increase in complication. The higher animals are not larger than the lower 
bc‘cause they are more complicated. They are more complicated be- 
cause they are larger. Just the same is true of plants. The simplest 
plants, such as the green algae growing in stagnant water or on the 
bark of trees, are mere round cells. The higher plants increase tlicir sur- 
face by putting out leaves and roots. Comparative anatomy is largely 
the story of tlie struggle to increase surface in proportion to volume. 

Some of the methods of increasing the surface are useful up to a point, 
but not capable of a very wide adaptation. For example, while verte- 
brates carry tlie oxygen from the gills or lungs all over the body in the 
blood, insects take air directly to every part of their body by tiny blind 
tul>es called traclieae which open to the surface at many different points. 
Now, although by their breatliing movements tliey can renew the air in 
the outer part of the tracheal system, the oxygen has to penetrate the 
finer branches by means of diffusion. Gases can diffuse easily through 
very small distance's, not many times larger than tlic average length 
travelled by a gas molecule between collisions with other molecules. 
But when such vast journeys — from tlio point of view of a molecule — 
as a quarter of an inch have to be made, the process becomes slow. So 
the portions of an insect's body more than a quarter of an inch from the 
air would always l>c short of oxygen. In consequence hardly any in- 
sects are much more tlian half an inch thick. Land crabs are built on the 
same general plan as insects, but are much clumsier. Yet like oiur- 
sclvcs they carry oxygen around in their blood, and are therefore able to 
grow far larger than any insects. If the insects had hit on a pliin for driv- 
ing air through tlieir tissues instead of letting it soak in, they might well 
have become as large as lobsters, though other considerations would 
have prevented them from becoming as large as man. 

Exactly the same difficulties attach to flying. It is an elementary prin- 
ciple of aeronautics that the minimum speetl needed to keep an aeroplane 
of a given shape in tlio air varies as the squan^ root of its lengtli. If its 
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linear dimensions are increased four times, it must fly twice as fast. Now 
the power needed for the minimum speed increases more rapidly than the 
weight of the machine. So the larger aeroplane, which weighs sixty-four 
times as much as the smaller, needs one hundred and twenty-eight times 
its horsepower to keep up. Applying the same principles to the birds, we 
find that the limit to their size is soon reached. An angel whose muscles 
developed no more power weight for weight than those of an eagle 
or a pigeon would require a breast projecting for about four feet to house 
the muscles engaged in working its wings, while to economize in weight, 
its legs would have to be reduced to mere stilts. Actually a large bird 
such as an eagle or kite does not keep in the air mainly by moving its 
wings. It is generally to be seen soaring, that is to say balanced on a 
rising column of air. And even soaring becomes more and more diflRcult 
with increasing size. Were this not the case eagles might be as large as 
tigers and as formidable to man as hostile aeroplanes. 

But it is time that we passed to some of the advantages of size. One of 
the most obvious is that it enables one to keep warm. All wann-bloodcd 
animals at rest lose the same amount of heat from a unit area of skin, for 
which purpose they need a food-supply proportional to their surfact' and 
not to their weight. Five thousand mice weigh as much as a man. Their 
combined surface and food or oxygen consumption are about seventeen 
times a man’s. In fact a mouse eats about one quarter its own weight of 
food every day, which is rtiainly used in keeping it warm. For the same 
reason small animals cannot live in cold countries. In the arctic regions 
there are no reptiles or amphibians, and no small mammals. The small- 
est mammal in Spitsbergen is the fox. The small birds fly away in the 
winter, while the insects die, though their eggs can survive six months 
or more of frost. The most successful mammals are bears, seals, and 
walruses. 

Similarly, the eye is a rather inefficient organ until it reaches a large 
size. The back of the human eye on which an image of the outside world 
is thrown, and which corresponds to the film of a camera, is composed 
of a mosaic of “rods and cones” whose diameter is little more than a length 
of an average light-wave. Each eye has about half a million, and for two 
objects to be distinguishable their images must fall on sepjirate rods or 
cones. It is obvious that with fewer but larger rods and conos we should 
see less distinctly. If they were twice as broad, two points would have 
to be twice as far apart before we could distinguish them at a given dis- 
tance. But if their size were dimitiLshed and their number increased we 
should see no better. For it is impossible to form a definite image 
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smaller than a wave-length of light. Hence a mouse’s eye is not a 
small-scale model of a human eye. Its rods and cones are not much 
smaller than ours, and therefore there are far fewer of them. A mouse 
could not distinguish one human face from another six feet away. In 
order tliat they should be of any use at all the eyes of small animals 
have to be much larger in proportion to their bodies than our own. 
Large animals on the other hand only require relatively small eyes, 
and those of the whale and elephant are little larger than our own. 

For rather moie rec'ondite reasons the same general principle holds 
true of the brain. If we compare the brain-weights of a set of very similar 
animals such as the cat, cheetah, leopard, and tiger, we find that as 
we quadruple the body-weight the brain-weight is only doubled. The 
largtT animal with proportionately larger bones ''an economize on 
brain, ejes, and certain other organs. 

Siu'h arc a v(*ry f<'w of the considerations which show that for every 
type of animal theie is an optimum si/e. Yet although Galileo demon- 
strated the contrary more than thrc'e hundred years ago, people still be- 
lieve that if a flea were as large as a man it could jump a thousand feet 
into the air. As a matter of fact the height to which an animal can jump 
is more nearly independent of its size tnan proportional to it. A flea 
can jump about two feet, a man about five. To jump a given height, if we 
nc'glect the resistance of the air, requires an expenditure of energy pro- 
poitional to the jumper’s weight. But if the jumping muscles fonn a con- 
stant frac tion of the' aniinars body, the energy developed per ounce of 
muscle is independent ot the si/e, provided it can be developed quickly 
enough in the small animal. As a matter of fact an insect’s muscles, al- 
though they can contract more quicklv than our ov.n, appear to be less 
cllicicnt; as otherwise a flc'a or grasshopper could rise six feet into the air. 

And just as there is a best si/e for every animal, so the same is true for 
evciy human institution. In the Creek type of democracy all the citizens 
C‘Ould listen to a series of orators and vote directly on questions of legis- 
lation. lienee their philosojdiers held that a small city was the largest 
possible democratic state. The English invention of representative gov- 
crnmc'nt made a democratic nation possible, and the possilulity was first 
realized in the United States, and later cisewhere. W’ith the development 
of broadcasting it has once more become possible for every citizen to 
listen to the political views of representative orators, and the future may 
perhaps see the return of the national state to the Creek fonn of 
democracy. Even the referendum has been made possible only by the 
institution of daily newspapers. 
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To the biologist the problem of socialism appears largely as a problem 
of size. Tlje extreme socialists desire to run every nation as a single busi- 
ness concern. I do not suppose that Henry Ford would find much difficulty 
in running Andorra or Luxemboiu-g on a socialistic basis. lie has already 
more men on his pay-roll than theu- population. It is conceivable that a 
syndicate of Fords, if we could find them, would make Belgium Ltd. 
or Denmark Inc. pay their way. But while nationalization of certain in- 
dustries is an obvious possibility in the largest of states, I find it no 
easier to picture a completely soeiali/ed British Empire or United 
States than an elephant tinning somcisaults or a liippopotamus jumping 
a hedge. 



Thomas Henry Huxley 

1825-1895 

JL • H. Huxley was bom at Ealing, England, on May 4, 1825. He 
was the son of a schoolmaster, bat he received no fomtal education. 
“1 had . . . neither help nor spnpathy in any intellectual direction 
till I reached manhood,” he later wrote. He wanted to become an 
engineer; he studied the subject, and found that he preferred tlie 
“mechanical engineering of living machines” — i.e., biology. At 
se\('ntecn he was much struck by the works of Carlyle, and from 
him h’arned “to make things clear and get rid of cant and shows of 
all sorts.” At the same age he commenced regular medical studies at 
(diaring C]ross Hospital, in London, graduating in 1845. 

He became a surgeon and entered the Navv. He was assigned to 
11. M. S. “Hattlesnake,” about to start for surveying work in Torres 
Strait. In the course of the long voyage he made a study of the 
tropical seas. He united the Medusae and certain pol)'ps to fonn a 
class that he called Hydrozoa, and he noted that all members of the 
class consisted of two membranes enclosing a central cavity. He then 
suggested that the two membranes correspond to two layers which 
appear in the embryos of higher animals. This “piophetie generali- 
zation” of the ectodenn and endodeini was later used in sup|}ort 
of the theory' of evolution. After his return in 1850 to Elngland, he 
was elected a fellow' of tlie Royal Society (1851); the following 
year he received the Roval Medal. Thus at the age of twenty-six, 
w'ith no assistance from anybody, he had placed himself in the first 
rank of English .scientists. 

Huxley at this stage of his life accepted the idea of evolution 
within a type but not from a low'cr type to a higher one. Tfu‘ Origin 
of Spencs changed his mind. He found in Dam’in’s theory what he 
had failed to find in Lamarck and Lyell, namely, an inti'lligible and 
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persuasive hypothesis: natural selection. By 1892 he could write: 
‘^The doctrine of evolution is no speculation, but a generalization of 
certain facts.” In the meantime he had written many answers to 
the attacks on Darwin and himself for their advocacy of evolution. 
Among them were Mans Place in Nature and Other Anthropological 
Essays (1863), from which the first of the following selections is 
taken. On a Piece of Chalk ( 1868) was inspired by similar aims. 

Huxley served on ten Royal commissions in twenty-two years, was 
secretary and then president of the Royal Society, was a member of 
the London School Board, and in 1892 became a Priv\’ Councillor. 
He died, after a long and painful illness, on June 29, 1S95. 

On the Relations of Man to the Lower Animals opens with 
the proposition that “the question of questions for mankind — the 
problem which underlies all others, and is more deeply interesting 
than any other — is the ascertainment of tlie place which man occu- 
pies in nature and of his relations to the unixerse of things.” This is 
a sweeping assertion and it is perhaps wise to undei stand from the 
beginning what it means. 

Docs man have a place in nature? Or is his place, essentially, out 
of, or above, nature? If he does have a place, is it uni(nie, distinct 
from the place that all otlier things have? And does man, eve n if he 
has a definite place in nature, have one out of nature, too? These are 
some of the important questions raised by Huxley’s assertion. 

To Huxley, nature is a continuum and it includes everything that 
exists. If man has existence, he must have a place in nature. Huxley 
here ignores any other mode of existence that man might have. As 
to the place man occupies, however, Huxley is impartial. He imag- 
ines himself and his reader to be visiting scientists from another 
planet. They come upon a new mammal, man, and wish to de- 
cide w^here it belongs in their classification of terrestrial animals. 
“Being happily free,” he writes, “from all real, or imaginary, personal 


Notc^ from the artist- t/ounfi Huxley, with an oranffutan perched 
on the hack of hts (hair. In the background, superimposed on the body 
of a primitive lungfish, the head of Hishop Wiihrrforce — 
who challenged Huxley . defense of the theory of rvolution -—is^lares 
at the young scientist. The quotation ii from Scu‘n<‘u and Cnllnr(*.” 
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interest in the results of the inquiry thus set afoot, we should pro- 
ceed to weigh the arguments on one side and on the other, with as 
much judicial calmness as if the question related to a new opossum." 

The visiting scientists would have to conclude, Huxley says, 
that man belongs to the order of Primates. What is the evidence 
that this is so? Huxley displays it to us, carefully, calmly, and at 
length. It is not primarily to be found, he says, in the physiology of 
the brain, or in man's special functions and productions. Rather, it 
consists in a comparison of structure, of morphology — in tlie stnic- 
ture of the hands and feet and pelvis, in the relative proportions of 
the limbs, and, perhaps most important of all, in the structtire and 
number of the teeth. All of these elements of man’s physiognomy 
show, upon impartial and objective consideration, that man is less 
different from the higher apes than the liigher apes are from the 
monkeys and lower primates. Since it is admitted that the apes and 
monkeys belong together and form one order of living things, then 
man belongs to it, too. 

Huxley is not denying that man’s place is at the top of nature. 
Notliing he says belittles or ignores the immense differences oi .in- 
other kind between man and all the other animals. But tliese differ- 
ences, he says, are not the result, primarily, of structure and 
morphology. They are the result of language. Man’s larger brain m.iy 
make language possible, but it does not guarantee it. Once man in- 
vents language, he makes strides forward that no other animal can 
match. 

On a Piece of Chalk is simpler and broader in its approach to a 
problem in the study of nature. We discover that the chalk which 
covers mtich of England and Europe must be the product of living 
animals in a long since dried-up sea. That sea must hav'e lain over 
Europe for thousands — we would say millions — of years. The chalk 
is “vastly older,” Huxley says, “than Adam himself.” The question 
whether any natural thing could be “vastly older” than Adam w.as a 
serious question in Huxley’s day. For if nothing were, then it was 
difBcult to see how the earth could be “the theatre of o series of 
changes as vast in their amount as tliey were slow in their prognjss." 
But if the earth were really very old, then there wsis time for ihcAe 
vast changes to have occurred, and there was no need to have re- 
course to the hypothesis of a “grand catastrophe.” ‘ 

1. Fora discussion of “cafastrophism,” sof* intiodiu'tory nofc to tlic soJcttion from 

Lyell's The Frtnciples of Geolof'tj, in 8, pp 315-318, m this set. 
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Huxley ends his lecture in a way that is reminiscent of the end of 
haradays Chemical History of a Candle. Huxley suggests that a 
piece of chalk could be put “into the hot but obscure flame of burn- 
ing hydrogen, in which case “it would presently shine like the sun.” 
1 his would symbolize, he implies, what he has been trying to do in 
the lecture; but the symbol has a wider meaning than that. The chalk 
has become luminous, he writes, “and its clear rays, penetrating 
the abyss of the remote past, have brought within our ken some 
stages of the evolution of the earth.” Huxley’s final intention is to 
show how science shines its light on natrire itself. Nature, submitted 
to the flame of thought, becomes limiinous, and is brought within 
our ken. 



On the Relations of Man 
to the Loiver Animals 

he question of (juestions for mankind — tiu' pr()l)lein which un- 
derlies all others, and is more deeply inleiesting than anv oIIut — is lh(‘ 
ascertainment of the placi^ which man occupies in nature and of liis rela- 
tions to tlie universe of things. Whence our ract^ lias conu'; what are the 
limits of our [Xiwer over nature, and of natures powcT ov(t us; to 
what goal we are tending; are the prolih^ns which pr(‘s(‘nl tlicinst lves 
anew and with undiminished interest to eviay man born into the world. 
Most of us, shrinking frtirn the dilRcullies and dang(TS which bcsi't the 
seeker after original answers to tlu'se riddles, are cont(Mi+<*d to ignore 
them altogether, or to smotluT tlie investigating spirit undcT th(‘ 
feather-bed of respected an'd respec table tradition. But, in everv age, one 
or two restless spirits, blessed with that constriu'live genius, whicli (\m 
only build on a secure foundation, or cursed wuth the spirit of nuac' 
scepticism, are unable to ftillow in the well-worn and comfortable trac k 
of their forefathers and contemporaries, and unmindful of thorns and 
stumbling-blocks, strike out into paths of their ow n. 'Hie sc c'plics end in 
the infidelity which asscTts the problem to lie insoluble, or in tlu‘ atli(‘isni 
which denies the existence of any orderly pi ogress and gove rnance ol 
things: tlu‘ men cif genius propound .solutions which grow into syslc^ins of 
theology or of philosophy, or veil(*d in musical language wliich snggc'sts 
more than it asserts, take the shape of the jioelry of an c*]XK‘h. 

Each such answer to the grcvit question, invariably asserted by the fol- 
lowers of its propounded, if not by himself, to he* complete* and final, r<*- 
mains in high authority and eslf*ein, it may he.* for one* c'cntury, or it may 
be for twenty; but, as invariably, time proves e‘ach rt*ply to have* b<*(‘n a 
mc*re approximation to the truth — toledahlo chiefly on acainut of the 
ignorance of those by whom it was acc(iptt*d, and wholly intolerable whe*n 
tested by the larged knowledge* of their wSiiccessors. 

i6() 




GIBBON ORANG CHIMPANZEE GORILLA MAN 

Fig 1 Skdctons photographically reduced from diagrams of the natural stze 
( except that of the gibbon, which was twice as large as nature ) , 
after drawings by Waterhouse Hawkins fiom specimens tn the Museum of the Royal College of Surgeons. 



i 62 


T. IL Huxley 

In a well-vvom metaphor, a parallel is drawn between the life of man 
and the metamorphosis of the caterpillar into the butterfly; but the com- 
parison may be more just as well as more novel, if for its former term we 
take tlie mental progress of tlie race. History shows that the human mind, 
fed by constant acct^ssions of knowledge, periodically gi*ows too kirge 
for its theoretical coverings, and bursts them asunder to appear in new 
liabilirnents, as the feeding and growing grub, at intervals, casts its too 
narrow skin and assumes another, itself but temporary. Truly the imago 
state of man scorns to be terribly distant, but every moult is a stt'p gaiuctl, 
and of such there have been many. 

Since tlie revival of learning, whereby the Westt'rn race's of Kiirope' 
were enable.^ to enter upon that progress towards true knowlc'dgo, 
which was commenced by the philosophers of Greece, hut was almost 
arrested in subsequent long ages of intellectual stagnation, or, at most, 
gyration, the human larva has been fe(‘ding vigorously, and moiilting in 
proportion. A skin of some dimension was cast in th(' i6th (‘cnturv, and 
another towards the end of the i8th, wliilc, within the last fifty yt\»rs, 
the extraordinary growth of every department of physical science has 
spread among us mental food of so nutritious and stimulating a chauic ter 
that a new eedysis seems imminent. But tliis is a process not unusually ac- 
companied by many tluoes and some sickness and debility, or, it may he, 
by graver disturbances; so tliat every good citizen must ft*el bound to 
facilitate the process, and ev^cn if he have nothing but a scalpel to vvoik 
withal, to eajje the cracking integument to the l)est of his ability. 

In this duty lies rny excuse for the publication of thcvse essavs. For it 
will be admitted that some knowledge of man s position in the animale 
world is an indispensable preliminary to tlie proper understanding ot his 
relations to the universe; and this again resolves itself, in the long run, 
into an inquiry into tlie nature and the closeness of th(* ties which c'onneet 
him with those singular creatures whose history has been sketched in the 
preceding pag(>s. 

The importance of such an inquiry is indeed intuitively manifest. 
Brought face to face with these blurred copies of himself, the Ic'ast 
thoughtful of men is conscious of a certain shock, due perhaps, not 
so much to disgust at the aspect of what looks like an insulting caricature, 
as to the awakening of a sudden and profound mistrust of time-honoiircxl 
theories and strongly-rootexl prejudices regarding his ovm position in 
nature, and fiis relations to the underworld of life; while that which 
remains a dim susjiicion for the unthinking, becomes a vast argu- 
ment, fraught with the deepest consequences, for all who are acquainted 



ON THE RELATIONS OF MAN TO THE LOWER ANIMALS 163 


with the recent progress of the anatomical and physiological sciences. 

I now propose briefly to unfold that argument, and to set forth, in a 
form intelligible to those who possess no special acquaintance with ana- 
tomical science, the chief facts upon which all conclusions respecting 
the nature and the extent of the bonds which connec-t man with the 
brute world must be based: I shall then indicate the one immediate con- 
clusion which, in my judgment, is justified by those facts, and I shall 
finally discuss the bewaring of that conclusion upon the hypotheses which 
have been entertained respecting the origin of man. 

The facts to which I would first direct the readers attention, though 
ignored by many of the professed instructors of the public mind, are easy 
of demonstration and are universally agreed to by n.en of science; while 
their significance is so great, that whoso has duly pondered over them 
will, I think, find little to startle him in the other revelations of biology. I 
n'fer to those tacts which have been made known by the study of de- 
velopment. 

It Ls a tnith of very wide, if not of universal, application, that every 
living creature commenees its existence under a form different from, 
and siinphT than, that which it eventually attains. 

Tlic oak is a more complex thing than the little rudimentary plant con- 
tained in the acorn; the caterpillar is more complex than the egg; the 
butterfly than the caterj)illar; and each of thc^e beings, in passing from 
its rudimentary to its perfect condition, mns through i series of changes, 
the .sum of which is called its development. In Wh higher animals 
these changes are extremely complicated; but, within the last half cen- 
tury, the labours of such men as \on Baer, Bathke, Reichert, Bischoff, 
and Remak, have almost cx>mpletely unra\'e11ed them, so that the succes- 
sive stages of development wdiich arc exhibited by a dog, for example, 
are now as well known to the embryologist as are the steps of the 
metamorphosis of the silkworm moth to the schoolboy. It will be useful 
to consider with attention the nature and the order of the stages of 
canine development, as an example of the process in the higher animals 
generally. 

The dog, like all animals, save the very lowest (and further inquiries 
may not improbably remove the apparent (exception), cxnnmencos its 
existence as an egg: as a body which is, in every sense, as much an egg 
as that of a hen, but is devoid of that accumulation of nutritive matter 
which confers upon the birds egg its exceptional size and domestic 
utility; and wants the shell, w'hich would not only be useless to an ani- 
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mal incubated within the body of its parent, but would cut it oflF from 
access to the sourc'e of that nutriment wliich the young creature requires, 
but which the minute egg of the mammal does not contain within itself. 

The dog's egg is, in fact, a little spheroidal bag (Fig. 2), formtxl of a 
delicate transparent membrane called tlie vitelline mctnhrane, and 
about Yi 30 to yi2o of inch in diameter. It contains a mass of viscid nu- 
tritive matter — the yolk — within which is enclosed a se(X)nd much more 
delicate spheroidal bag, called the gcnnimil vesicle (a). In this, lastly, 
lies a more solid rounded body, termed the gcnniruil sj)ot (b). 

The egg, or ovum is originally formed within a gland, from which, in 
due season, it becomes detached, and passes into the living chamber 
fitted for its protection and maintenance during the proti*acted process 



Fig 2. A Egg of the dog, 

with the vitelline membrane hurst, so as to give exit 
to the yolk, the germinal vesicle (a), and its included ywt (b). 

B, C, D, E, F. buccessu e ( ham^t s of the yolk indicated m the text. 

After lUschoff, 

of ge^station. Here, when subjected to the n^quirc’d conditions, tjiis minute 
and appartmtlv insignificant particle of living inattCT becomes animated 
by a new and mysterious activity. The gcTimnal vc^siele and spot c'ease 
to be discernible (their prc^cise fatc^ being one of th(‘ yet unsolved prob- 
lems of embryology), but the yolk bec'omes circumferentially indcmtc'd, 
as if an invisible knife had been drawn round it, and thus appears 
dividcjcl into two hemispheres (Fig 2, C). 

By the repetition of this process in vurioirs plantjs, these hemispheres 
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b(K:ome subdivided, so that four segments arc produced (D); and these, 
in like manner, divide and subdivide again, until the whole yolk is con- 
verted into a mass of granule's, each of which consists of a minute spheroid 
of yolk-substance, enclosing a central particle, the so-called nucleus (F). 
Natiu-e, by this process, has attained much the same result as that which 
a human artificer arrives at by his operations in a brick-field. She takes 
the rough plastic material of the volk and breaks it up into well-shaped 
tolera})ly even-sized masses — handy for building up into any part of the 
living edifice. 

Next, the mass of organic bricks, or cells as they are technically called, 
thus formed, acquires an orderlv arrangement, becoming converted into 
a hollow spheroid vsith double walls. Then, upon one side of this 
spheroid, appears a thickening, and, by and by, in the c^entre of the 
area of thickening, a straight shallow groove (Fig. 3, A) marks the cen- 
tral line of the edifice which is to be raised, or, in other words, indicates 
the position of the middle line of the body of the future dog. The sub- 
stance bounding the groove on each side next rises up into a fold, the 
rudiment of the side wall of that long cavity, which will eventually lodge 
the spinal marrow and th(' brain, and in th(' floor of this chamber appears 
a solid cx'llular (ord, the so-called iiotodiord. One end of the enclosed 
cavity dilates to form the head (Fig. 3, B), the other remains narrow, 
and esentually bc'coim's the tail; the side wmIIs of the body are 
fashioiK'd out of the downward continuation of th(' walls of tlie groove; 
<ind fiom tlu'in, by and bv, giwv out hole buds wiu<h, by degrees, as- 
suiuf' the shape of limbs. Watching the fashioning pro . ss stage by stage, 
oiu* is forcibly n'luinded of the modellei in clay. Kverv^ part, every organ, 
is at first, as it weie pinclu'd up rudely, and sketched out in the rough; 
then shaped mon' aecuiately; and onU , at last, recei\es the touches which 
stamp its final character. 

Thus, at length, the young poppy assumes such a form as is shovvn in 
Fig. 3, C. In this condition it has a dispropoitionatcly large head, as dis- 
similar to that of a dog as the bud-Iike limbs are unlike his legs. 

The remains of the yolk, which have not yet been applied to the nuhi- 
lion and growth of the \oung animal, • e contained in a sac attached to 
the rudimentary intestine, and termed the yolk-sac, or tnnhilical vesicle. 
Two mc’iubranous bags, intended to subserve respec tively the protec- 
tion and nutrition of the young creature, have been developed from 
the skin and from the under and hinder suifaee of the IkkIv; the former, 
the so-called amnion, is a sac filled with fluid, whic h invests the whole 
lK)dy of the embryo, and plav's the part of a sort of water-bed for it; the 
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other, termed the allantois, grows out, loaded with blood-vessels, from 
the ventral region, and eventually applying itself to the walls of the 
cavity, in which tlie developing organism is contained, enables these 
vessels to become the channel by which the stream of nutriment, required 
to supply the wants of the offspring, is furnished to it by the parent. 



Fig 3 A FMrliest rudiment of the dog 
B Rudiment further advanced, shotvtng the foundations 
of the Jwad, tad, and vertebral column, 

C The very young puppy, xcith attached ends of the yolk-sac and allantois, 
and invested in the ammon. 

The structiu-e which is developed by the interlacement of the vt'ssels 
of the offspring with those of the parent, and by means of svhich the 
former is enabled to recene nourishment and to get iid of effete mat- 
ters, is termed the placenta 

It would be tedious, and it is unnecessary for my piescnt purpose, to 
trace the process of development further, suffice it to sav, that, by a long 
and gradual series of changes, the rudiment here depicted and de 
scribed, becomes a puppy, is bom, and then, by still slower and less 
perceptible steeps, passes into the adult dog. 

There is not much apparent resemblance between a biiri|-door fowl 
and the dog who protects the farm-yiud. Nevertheless the shiden! of 
development fincLs, not only that the chick commences its existence as an 
egg, primarily identical, in all essential respects, with tliat of the dog. 
but that the yolk of this egg undergoes division — that the primitive 
groove arises, and tliat the contiguous parts of the germ are fashioned, by 
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precisely similar methfxls, into a young chick, which, at one stage of its 
existence, is so like the nascent dog, that ordinary inspection would liardly 
distinguish the two. 

ITic history of the development of any other vertebrate animal, 
li/ard, snake, frog, or fish, tells the same story. There is always, to begin 
with, an egg having the same essential structure as that of the dog — ^the 
yolk of that egg always undergoes division, or segmenMion as it is often 
called: the ultimate products of that segmentation constitute the building 
materials for the body of the young animal; and this is built up round a 
primitive groove, in the floor of which a notochord is developed. Further- 
more, there is a period in which the young of all these animals resemble 
one another, not merely in outward form, but in all essentials of structure, 
so closely, that the differences between tliern are inconsiderable, while, in 
their subv<^<iuent course they diverge more and more widely from one 
another. An<l it is a general law that, the moie closely any animals re- 
semble one another in adult structure, the longcT and the more intimately 
do th(nr (Tubryos resemble one another: so that, for example, tlie embiyus 
of a snake and of a li/ard remain like one .another longer than do those of 
a snake and of a bird; and the embryo of a dog and of a cat remain like 
one another for a far longer period than do those of a dog and a bird; or of 
a dog and an opossum; or even than those of a dog and a monkey. 

Thus the study of development affords a clear test of closeness of 
structural affinity, and one turns with impatience tv) inquire what re- 
sults are yiel<led bv the study of the development oi Man. Is he some- 
thing apart? Does he originate in a totally different wav from dog, bird, 
frog, and fish, thus justihing those who assert him to have no place in 
nature and no real .affinity with the lower world of animal life? Or d(X"s 
he originate' in a similar geiin, pass through tlie same slow and gradually 
pn)gressiv<' modifications, depend on the same contrivances for pro- 
tection and nutrition, and finally enter the world bv the help of the same 
mechanism? The replv is not doubtful for a moment, and has not been 
doubtful any time tlu'se thirtv vears. Without question the mode of 
origin and the early stages of the devel nmeut of man are identical with 
those of the animals immediately below him in the scale — without a 
doubt, in these respects, he is far nearer the apes, than the a|>es are to 
the dog. 

The human ovum is about of an inch in diameter, and might be 
d<^scribed in tlu* same terms as that of the dog, so that I need only 
refer to the figure illustrative (4, A) of its stiuctiire. It leaves the organ 
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in which it is formed in a similar favshion and enters the organic chamber 
prepared for its reception in the same way, the conditions of its de- 
velopment being in all respects the same. It has not yet been possible 
(and only by some rare chance can it ever be possible) to study the 
human ovum in so early a developmental stage as that of yolk division. 



Fig. 4. A. lluinan ovum (after Kolliker), 
a. germinal vesncle, b germinal spot. 

B A very early condition of man, 
with yolk-sac, allantois and amnion ( oiiginal) . 

C. A more advanced stage (after Kolhker), compare Fig 3, C. 

but there is every reason to conclude that the changes it undergtK's are 
identical with those exhibited by the ova of other vertebrated animals; 
for the formative materials of which the rudimentary human body is 
composed, in the earliest conditions in which it has been observed, are 
the same as those of other animals. Some of these eailiest stages are 
figured above and, as will be seen, they are strictly comparable 
to the very early states of the dog, the marvellous correspondence' be- 
tween the two which is kept up, even for sonu' time, as developrni'iit ad- 
vances, becoming apparent by the simple coinp.irison of the figurt's with 
those on page 166. 

Indeed, it is very long before the bcxly of the young human being 
can be readily discrimiiiab'd from that of the young p^*ppyi but, at a 
tolerably early period, the two become distinguishable by the dilferent 
form of their adjuncts, the yolk-sac and the allantois. 'Flic former, in 
the dog, becomes long and spindle-shap<»d, while in man it remains 
spherical: the latter, in the dog, attains an extremely large size, and the 
vascular processes which are developed from it and eventually give rise 
to the formation of the placenta (talking root, as it were, in the parental 
organi.sm, so as to draw nourishmeni therefrom, as the root of a tree ex- 
tracts it from the soil ) are arranged in an encircling zone, while in man, 
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the allantois remains comparatively small, and its vascular rootlets are 
eventually restrictexl to one disk-like spot. Hence, while the placenta of 
the dog is like a girdle, that of man has the cake-like form, indicated 
by tlie name of the organ. 

But, exactly in those respects in which the developing man differs from 
the dog, he resembles the ape, which, like man, has a spheroidal yolk- 
sac and a discoidal, sometimes partially lobed, placenta. So that it is 
only quite in the later stages of development that the young human 
b(ang presents marked diffcTcnces from the young ape, while the latter 
departs as much from the dog in its development, as the man does. 

Startling as the last assertion may appear to be, it is demonstrably true, 
and it alone appears to me suffic‘ient to place beyond all doubt the struc- 
tural unity of man with the rest of the animal vvorlci, and more particu- 
larly and closely with the apes. 

mills, identical in tlie physical proc(\sses by which he originates — 
identical in the early stages of his formation — identical in the mode of his 
nutrition Indore and alter biith, with the animals wdiich lie immediately 
Indow' him in the scale — man, if his adult and perfect structure be coin- 
jiared wnth theirs, exhibits, as might be expeclt'd, a marvellous likeness 
of organization. H(‘ resembles them as they resemble one another — he 
tiillers from them as tlu'v differ fiom one another. And, though these 
differences and resemblances cannot be weighed and measured, their 
value mav be rt'adilv eslimaled; tht' scale or stauvlard of judgment, 
tonebing that value being afforded and expressed by thi system of classi- 
fication of animals nou' (iirrcait among zoologists. 

A careful study of the resemblances and differenees presented bv 
animals has, in fact, led naturalists to arrange them into groups, or as- 
scmiblages, all the mcMiibers of each group presenting a certain amt:)nnt 
of definable' rescmiblanee, and the number of peunts of similarity being 
sinallcT as llu' group is larger and vice versa. Tims, all creatures wduch 
agree only in jnesc'nting the few dislinetive marks of animality form 
the kingdom Aniinalia, The numerons animals w'hich agree only in 
possessing the special c'baraeters of vertebrates form one sub-kingdom 
of this kingdom. Tlu'n the siib kingdom Vertebrata is subdivided into the 
five classes, fishes, ampliibians, reptile's, birds, and mammals, and these 
into smaller groups called orders; these into families and genera; while 
the last arc' finally brokem up into the smallest asstmiblages, which are 
distinguished by the imsst'ssion of constant, nol-sexual, characters. These 
ultimate groups are specie's. 

Every year tends to bring about a greater uniformity of opinion through- 



1/0 T. IL Huxley 

out the zoological world as to the limits and characters of these groups, 
great and small. At present, for example, no one has the least doubt 
regarding the characters of the classes Mammalia, Aves, or Reptilia; nor 
does the question arise whether any thoroughly well-known animal should 
be placed in one class or the other. Again, there is a very general 
agreement respecting the characters and limits of the orders of mammals, 
and as to the animals wliich are structurally necessitated to take a place 
in one or another order. 

No one doubts, for example, that the sloth and the ant-eater, the 
kangaroo and the opossum, the tiger and the badger, the tapir and the 
rliinoc-eros, are respectively members of the same orders. These succes- 
sive pairs of animals may, and some do, difiFer from one another im- 
mensely, in such matters as the proportions and structure of their limbs; 
the number of their dorsal and lumbar vertebrae; the adaptation of their 
frames to climbing, leaping, or running; the number and form of their 
teeth; and the characters of their skulls and of the contained brain. But, 
with all these differences, they are so closely connected in all the more 
important and fundamental characters of their organization, and so dis- 
tinctly separatt'd by these same characters from other animals, that 
zoologists find it necessary to group them together as members of one 
order. And if any new animal were di.scovered, and were found to present 
no greater difference from the kangaroo or from the opossum, for exam- 
ple, than these animals do' from one another, the z(M)logist would not 
only be logically compelled to rank it in the same order with tliese, but 
he would not think of doing otherwise. 

Bearing this obvious course of zoological reasoning in mind, let us en- 
deavour for a moment to disconnect our thinking selves from the mask 
of humanity; let us imagine ourselves scientific Saliirnians, if you w^ill, 
fairly acquainted with such animals as now inhabit the earth, and em- 
ployed in discussing the relations they bear to a new and singular 
'‘erect and featherless biped,” which some enterprising traveller, over- 
coming the difficulties of space and gravitation, has brought from that 
distant planet for our inspection, well preserved, maybe, in a cask of 
rum. VVe .should all, at once, agree upon placing him amemg tile mamma- 
lian v(*rtebrates; and his lower jaw, his molars, and his brain, Would leave 
no r(K)m for doubting the systematic position of the new genus among 
tliose mammals, whose young are nourished during gestation by means 
«>f a placenta, or wdiat are called the "placental mammals.” 

Further, the most superficial study would at once convince us that, 
among the orders of placental mammals, n<‘ither the whales, nor tl)e 
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hoofed creatures, nor the sloths and ant-eaters, nor the carnivorous cats, 
dogs, and bears, still less tlie rode*nt rats and rabbits, or the insectivorous 
moles and hedgehogs, or the bats, could claim oiu: Homo, as one of them- 
selves. 

There would remain then, but one order for comparison, that of the 
ape.s (using that word in its broadest sense), and the question for 
discussion would nairow itself to this — is man so different from any of 
these apes that he innsl form an order by himself? Or does he difiFcr 
less from them tliaii tliey differ from one another, and hence must take 
his placo in the same order with them? 

Being happily fico from all real, or imaginary, personal interest in tlie 
results of tlie inqniiy^ thus s('t affxil, \vv should proeoed to weigh the argu- 
ments on one side and on the other, with as much judicial calmness as if 
the question related to a new ojiossum. We should endeavour to ascer- 
tain, withfiut seeking either to magnify or diminish them, all the charac- 
ters by which our new mammal dilfeied from (he apes; and if we found 
that these were of less stnictnral value than those which distinguish cer- 
tain iiK'inbers of (he ape order fiom others universally admitted to be of 
the same order, we should undoubtedly place the newly disiwerod 
tellurian genus with them. 

I now proceed to detail the facts which seem to me to leave us no 
ehoicc' but to adopt llie l.ist-mentiomd course. 

It is quite ec'rtaiu that tlie ape which most near!) .loproaches man, in 
tlie totality of its org.ini/alion, is either the ehimpanze». »r the gorilla; and 
as it makes no practical dilfcTcnee, for the purposes of my present argu- 
incmt, which is s(‘l<‘cted for comparison, on the one hand, with man, and 
on the othcT hand, w'ith the rc'st of the Primates,^ I shall select the latter 
(so far as its organi/ation is known) — as a brute now so celebrated in 
prose and \’erse, that all must have heard of him, and have fonned some 
CHinc’tqition of his aj>pearaiice. I shall lake up as many of the most im- 
portant jxiints of difference between man and this remarkable creature, 
as lb(‘ space" at iiiv disposal will allow me to discuss, and the ncc'cssities 
of the arguiiK'ut demand; and I shall i^^quire into the v.iluc and magni- 
tude* of these differences, when plac<‘d side by side with those which 
separate the gorilla from other animals of the same order. 

In the' general pi*oportions of the body and limbs there is a remarkable 

\ W'v arc not at present thnron^hlv accpiaintcd uitli the brain of tho ponlla, and 
tlurrfore, in iliscussji.c; cerebral chaiatters. I sh.dl take that of tlie chiinpan£e<" 
iriv highest tenn ainon^ the apes. 
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difference between the gorilla and man, which at once strikes the eye. 
The gorilla’s brain-case is smaller, its tnink larger, its lower limbs shorter, 
its upper limbs longer in proportion than those of man. 

I find that the vertebral column of a full-grown gorilla, in the Mu- 
seum of the Royal College of Surgeons, measures 27 inches along its 
anterior curvature, from the upper edge of the atlas, or first vertebra of 
the neck, to the lower extremity of the sacrum; that the arm, wifhoiit the 
hand, is 31^ inches long; that the leg, without the foot, is 26)2 inches 
long; that the hand is 9^1 inches long; the foot iiK inches long. 

In other words, taking the length of the spinal column as 100, the* arm 
equals 115, the leg 96, the hand 36, and the foot 41. 

In the skeleton of a male Bosjc'sman, in the same collection, the propor- 
tions, by the same measurement, to the spinal column, taken as 100, are 
— the arm 78, the leg 110, the hand 26, and the foot 32. In a woman of 
the same racc^ the arm is 83, and the leg 120, the haiul and foot remaining 
the same. In a European skeleton I find the arm to he 80, the leg 117, 
the hand 26, tlie foot 35. 

Thus the leg is not so different as it l(K>ks at first sight, in its proportion 
to the spine in the gorilla and in the man — being vc^ry slightly shorter 
than the spine in the former, and between and ’ r, longei than the 
spine in the latter. The foot is longer and the hand rnuchiongc^ in the' 
gorilla; but the great difference is caused by tlu‘ anus, which are v(*r\ 
much Icmger than the spine in the gorilla, very much shorter than ihc' 
spine in the man. 

The qucjstion now arisc’s how are the other apes relatc’cl to the gorilla in 
these respects — taking the length of the spine, mc'asured in the same* 
way, at 100? In an adult chimpanzee, the aim is only 96, llie h'g ()o, the 
hand 43, the foot 39 — so that the hand and the l(*g depart more from the 
human proportion and the ann less, while the foot is about tlic same 
as in the gorilla. 

In the orang, the arms are very much longcT than in the gorilla ( 122), 
while the legs are shorter (88); the foot is longer than the hand (52 
and 48), and both are much longer in proportion to the spine. 

In the other man- like apes again, \hc gibbons, these', proportioris are 
still further altered; the length of the arms being to that of the spinal 
C'olumn as 19 to 11; while the legs are also a third longer than the .spinal 
column, so as to be longer than in man, instead of shorter. The hand is 
half as long as the spinal ctdnmn, and the fewt, shorter than the hand, 
is about *^iths C}f the length of tiie spinal c'olumn. 

Thus Ilylobates is as much longcv in the arms than the gorilla, as the 
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gorilla is longer in the arms than man; while, on the other hand, it is as 
much longer in the legs than the man, as the man is longer in the legs 
than the gorilla, so that it contains within itself the extremest deviations 
from the average length of both piiirs of limbs.^ 

The mandrill presents a middle condition, the arms and legs being 
nearly (‘qiial in length, and both being shorter than the spinal column; 
while hand and foot have nearly the same proportions to one another 
and to the spine, as in man. 

In the spider monkey { Aides) the leg is longer than the spine, and the 
arm than the leg; and, finally, in that remarkable lemurine form, the 
indri {lAdiauotus), the leg is about as long as the spinal column, w^hile 
the arm is not more than of its length; the hand having rather less 
and the foot rather more, than one-third the Icmgth c.f the spinal column. 

Thf^se examples might be greatlv multiplied, but they siiflBc*e to show 
that, in whatever proportion of its limbs the gorilla differs from man, the 
other apes depart still more widely from the gorilla and that, c'onse- 
fjuently, such dilfercnc(\s of pn^portion can have no ordinal value. 

may ru^xt consider the differences presented by the tnink, con- 
sisting ol th(' v<Tt(*bia! column, or backbone, and the ribs and pelvis, or 
bony hip-basin, which are connected with it, in man and in the gorilla 
n'spcc'tivciy. 

Iti man, in wnsc(|uence partly of the disposition of the articular surfaces 
of the vcrt(d)rae, and laigely of the elastic tension of some of the fi- 
brous bands, or ligaments, which connect these yertchiae together, the 
spinal cohimn, as a whole, has an elegant S-like cui'X'ature, being convex 
foiwards in tlie m^ck, concave in tlie back, conve^x in the loins, or lumbar 
region, and c'oncave again in the sacral region; an arrangement which 
giv<»s muc h c'lastic’ity to the whole bac kbone, and diminishes the jar com- 
municated tc^ the spine*, and through it to the head, by locomotion in tlie 
erevt position. 

Furtheiniore, under ordinarv^ circumstances, man has seven vertebrae 
in his neck, which are called ccrviial; twelve sucetvd these, bearing 
ribs and forming the up])er part of the back, wdicnce the\ are tenne<l 
dorsal: five* lie* in the loins, hiMring no distinct, or free, ribs, and arc* called 
lumbar; live*, nnited together into a great hone, excavated in front, 
solidly wedged in bc*lwec*n the* hip bones, to fomi the back of the 
pelvis, and knowm by the name of the sacrum, succ eed thc*se; and finally, 

2. S<50 the* figure's of the skeletons of four antliroix)id ape-s and of man, drawn to 
scale, p. ihi. 
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three or four little more or less movable bones, so small as to be in- 
significant, constitute the coccyx or rudimentary tail. 

In the gorilla, the vertebral column is similarly divided into cervical, 
dorsal, lumbar, sacral, and coccygeal vertebrae, and the total number of 
cervical and dorsal vertebrae, taken together, is the same <\s in man; but 
tlie development of a pair of ribs to the first lumbar vertebra, which is 
an exceptional occurrence in man, is the rule in the gorilla; and hence, 
as lumbar are distinguished from dorsal vertebrae only by the presence 
or absence of free ribs, the seventeen ‘"dorso-lumbar” vortt^brae of the 
gorilla are divided into thirteen dorsal and four lumbar, while in man 
they are twelve dorsal and five lumbar. 

Not only, however, does man oc'casionally possess thirteen pair of ribs,* 
but the gorilla sometimes has fourte<^n pairs, while an orangutan sktOelon 
in the Museum of the Royal College of Surgeons has twelve dorsal and 
five lumbar vertebrae, as in man. Cuvier notes the same number in a 
Hylobates. On the other hand, among the lower apes, many possess 
twelve dorsal and six or sev^en lumbar vertebrae; the donroucoiili has 
fourteen dorsal and eight lumbiur, and a lemur {Steiiops tardig^radtis) 
has fifteen dorsal and nine lumbar vertebrae. 

The vertebral column of the gorilla, as a whole, dijffers from that of 
man in the less marked character of its curves, esj^ecially in slighter 
convexity of the lumbru- region. Nevertheless, the cur\^(»s ar(‘ presemt, and 
are quite obvious in young skeletons of the gorilla and cliimpanzee which 
liave been prepared without removal of the ligaments. In young orangs 
similarly preserved on the oilier hand, the spinal ailurnn i.s either 
straight, or even concave forwards, throughout the lumbar region. 

Whether we take these characters then, or such minor ones as those 
which are derivable from the proportional length of the spines of the 
cervical vertebrae, and the like, there is no doubt whatsoever as to the 
marked difference between man and the gorilla; but there is as little, that 
equally marked differences, of the very same order, obtain betw^een the 
gorilla and the lower apes. 

The pelvis, or bony girdle of the hips, of man is a strikingly hitman part 
of his organization; the expanded haunch bones affording support for 


3. ‘‘More than once,*' says Peter Camper, ‘Tiave I m<*t with more than f^ix himhar 
vertebrae in man. . . . Once I found thi^l^‘cn ribs and four lumbar vertebrae.** 
Fallopius noted thirteen pair of ribs and only four lumbar vertebra*'; and 
Eustachius once found el<*veii dorsal vertebrae and six liinibar vt*rtebrae. — 
Oeuvres de Pierre Camper, T. 1, p. 42. \.s Tyson stat<*s, his “Pygmie” Imd thirteen 
pair of ribs and five lumbar vertebrae, llie cpiestion of the curves of the spinal 
column in the ape.s requires further investigation. 
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his viscera during his habitually erect posture, and giving space for the 
attachment of the great muscles which enable him to assume and to pre- 
serve that attitude. In tliese respects the pelvis of the gorilla differs very 
considerably from his ( Fig. 5). But go no lower than the gibbon, and see 
how vastly more he differs from the gorilla than the latter does from man, 
even in this stnicture. Look at the flat, narrow haunch-bones — the long 
and narrow passage — the coarse, outwardly curved, ischiatic prominences 
on wliich the gibbon habitually rests, and which are coated by the so- 
called Callosities,” dense patches of skin, wholly absent in the gorilla, in 
tlie c himpanzee, and in the orang, as in mani 

In the lower monkeys and in the lemurs the difference becomes more 
striking still, the pelvis acquiring an altogether quadrupedal character. 

But now let us turn to a nobler and more characteristic organ — that by 
which the human frame seems to be, and indeed is, so strongly dis- 
tinguished from all others — I mean the skull. The differences between 
a gorilla s skull and a man’s are truly immense ( Fig. 6). In the former, the 
fac^i, formed largely by the massive jaw-bones, predominates over tlie 
brt^iin-case, or cranium projx^r: in tlie latter, the proportions of the two 
arc‘ reversed. In tlie man, the occipital foramen, through which passes 
the* great nervous c‘ord ainiiecting the brain with the ners es of the body, 
is placed just behind the centre of the base of the skull, which thus be- 
comes evenly balanced in the erect posture; in the gorilla, it lies in the 
posterior third of tliat base. In the man, the surface of the skull is com- 
paratively smooth, and the supraciliar)' ridges or brow prominences 
usually projc^ct but little^ — while, in the gorilla, vast crests are developed 
upon the skull, and the brow ridges overhang the cavernous orbits, like 
great penthouses. 

Sections of the skulls, howcjver, show that some of the apparent defects 
of tlie gorilla’s cranium arise, in fact, not so much from deficiency of 
brain-c'ase as from excessive development of the parts of the face. The 
cranial cavity is not ill-shaped, and the forehead is not truly flattened or 
very rctrcxiting, its really well-fonned curve being simply disguised by 
tlie mass of bone which is built up against it (Fig. 6). 

But th(‘ roofs of the orbits rise morc^ obliquely into the cranial cavity, 
thus diminishing the space for tlio lower part of the anterior lobc^ of 
the brain, and the absolute capacity of the cranium is far less tlian tliat of 
man. So far as I am aware, no human cranium belonging to an adult 
man has yet been observed with a less cubical capacity than 62 cubic 
incJios, the smallest cranium obserx'ed in any race of men by Morton, 
measuring 63 cubic inches; while, on tlie other hand, the most capa- 
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cions gorilla skull yet measured has a content of not more than 34I2 cubic 
inches. Let us assume, for simplicity’s sake, that the lowest man’s skull has 
twice the capacity of that of the highest gorilla.* 

No doubt, this is a very striking difference, but it loses much of its ap- 
parent systematic value, when viewed by the light of certain other 
equally indubitable facts respecting cranial capacities. 

The first of these is that the difference in the volume of the cranial 
cavity of different races of mankind is far gi eater, absolutely, than that 
between the lowest man and the highest ape, while, relatisely, it is 
about the same. For the largest human skull measured by Morton con- 
tained 114 cubic inchc's, that is to say, had very neaily double the 
capacity of the smallest, while its absolute prc'ponderance, of 52 cubic 
inches — is f«ir gi eater than that by which the lowest adult male human 
cranium surpasses the largest of the gorillas (62 — 34/2 = 27/2). Sec- 
ondly, the adult crania of gorillas which have as vet been measured differ 
among themselves by nearly onc-third, the maximum capacity being 
3^=5 cubic inches, the miminuin 24 cubic inches; and, thirdly, after 
making all due allowance for difference of size, the cranial capacities of 
som(‘ of the lower apes fall nearly as much, relatively, below those of the 
highei apes as the latter ftll bedow' man 

'I'lius, cvcTi in the important matlcT of cranial capacity, men differ 
more widely from one another than they do from the apes, while the 
low(‘st apes differ as much, in piopoition, fiom the highest, as the latter 

4 It Ills l>t‘( n alfinnecl that Hindu < r inia sonu tiiiu s lontain as ^ itle as 27 ounces of 
witci, vvhuli would ^i\e a capacity of about .^6 cubic inches The miniimim 
(npuit\ winch I ha\e assunird alum liowo\<r is based upon the \ahiable tables 
published b\ Piofessor R Warier in his Vor'^tudien zu ( mcr iLtssciiSihaflluhtn 
M(irpht)lof!^it unil rfu/swloffw (Id immdilu hcii C»c/jnuA As the result of the cartful 
wei^hin^ of more than 900 hum in brains Piofissor Wat^ner states that ont-balf 
w(i^h(d bclwdii 1,200 and 1400 i;raiTUu« s and that alxiiit two-iunths. con- 
sisting for (h<‘ most part of mile biains, e\ceod 1,400 eramims The buhe^t biain 
of an adult male, with sound menial fatuities, lecordtd b\ Wagner, wtighed 1 020 
grammes As a gramme eipials 154 grains, and a cubic inch of wattr contains 
2^2 \ giains, ibis IS o(|ui\ il« nl to ()2 cubic iiuhes of water so that as biain is 
he ivier than w iter, we are perfectly safe against ening on the side of diminution lu 
taking this as the snnlh si capatitv of am adult malt human brain Iho only 
adult male brain, weighing as little as cj-o giammes, is that of an idiot, but the 
bram of an adult wom.m, against flit* souikIim of whose faculties nothing appeirs, 
weighed as little as 907 giammes ( 5s 3 cubic inches of water), and Reid gives an 
atbill ft male biaiii of still snialhr capacity Ihe htMvitst lirain (1 S“'2 grammes, 
or about 11=5 cubic iiitlus) was, lu)yseyer. that of a woman next to it ctuues the 
brain of Cuvier ( i.Sbi gramme's) tb* n Bvron ( 1 S07 grammes), and then an 
insane person ( 1,783 giammes) 1 be Iighle'st adult brain rexoidi'd (720 grammes) 
was that of an idiotit ft male The brims of fist' e luldien, four years old, vscighed 
bt'twevn 1,27*5 gr imnit s So that it ma) be safely said tliat an ascMge 

Kuropean thild of four ycMrs old Ikus a brain twici' as large a,s that of an adult 
gorilla. 
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does from man. The last proposition is still better illustrated by tbe study 
of the modifications which other parts of the cranium undergo in the 
simian series. 

It is the large proportional size of the facial bones and the great 
projection of the jaws which confer upon the gorilla s skull its small facial 
angle and brutal character. 

But if we c'tinsidcr the proportional size of the facial bones to the skull 
proper only, the little Chrysofhrix (Fig. 6) differs very widely from the 
gtirilla, and, in the same way, as man does; while the baboons (Ctjno- 
Cf^jhalus, Fig. 6) exaggerate the gross proportions of the muzzle of the 
great anthropoid, so that its visage looks mild and human by comparison 
with theirs. Tlie difference between the gorilla and tlie baboon is even 
gr(Mter than it appears at first sight; for the great facial mass of the 
former is largely due to a downward development of the jaws; an 
essentially human character, superadded upon that almost purely for- 
ward, essentially brutal, development of the same parts which charao- 
teris<‘s the baboon, and yet more remarkably distinguishes the lemur. 

Similarly, the occipital foramen of Myceies (Fig. 6), and still more of 
the lemurs, is situated completely in the posterior face of the skull, or 
as much further back than that of the gorilla, as that of the gorilla is 
further back than that of man; while, as if to render patent the futility 
of the attempt to base any broad classifieatory distinction on such a 
charac ter, tlie same group of Plat)Thine, or American monkeys, to which 
the Myceics belongs, cxintains the ChnjsathriXy whose occipital foramen 
is situated far more foiwiu-d than in any other a[Xf. and nearly ap- 
proaches the position it liolds in man. 

Again, tlie orang’s skull is as devoid of excessively developed supra- 
ciliary prominences as a man's, though some varieties exhibit great crests 
elsewhere; and in some of the cebine apes and in the Chrysoihrix, the 
cranium is as smooth and rounded as that of man liimself. 


Fig. 6. Sections of the skulls of mnn and various apcs\ diawn so as to ^ivc the 
cerebral cavity the same length in each case, ihimdiy disjiktyinfi the varying 
proportions of the facial hones. The line b indicates the plane of the tentorium, 
which separates the cerebrum from the cerebellum; d, the axis of the occipital 
outlet of the skull. The extent of cerebral cavity hchiiul c, which is a perpenr 
dicidar erected on b at the point where the tentorium is attached posteriorly, 
itulieates the degree to which the cerebrum oi^*rlaps the cerebellum — the sfMce 
occupied by which is roughly indicated by the dark sJuuling. In comparing 
these diagram.s, it must he recollected, that figures on so sfnau a scale as these 
simply exemplify the statements in the text, the proof of which is to he found 
m tiw objects themselves. 
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What is true of these loading characteristias of the skull, holds good, 
as may be imagined, of all minor features; so tliat for every constant 
difference between the gorilla’s skull and the man’s, a similar constant 
difference of the same order ( that is to say, consisting in excess or defect 
of the same quality) may be found between the gorilla’s skull and that of 
some other ape. So that, for the skull, no less than for the skeleton in 
general, the proposition holds good that the differences between man 
and the gorilla are of smaller value than those between the gorilla and 
some other apes. 

In connection with the skull, 1 mav speak of the teeth — organs whieli 
have a peculiar classificatorv value, and whose resemhlanct's and differ- 
ences of number, form, and sueex'ssion, taken as a whole, are usuallv re- 
garded as more trustworthy indicators of alRnity than any others. 

Man is provided with two sets of teeth — tnilk-tec^th anrl permanent 
teeth. The former consist of four incisors, or cutting teeth; two caniru\s, 
or eye-teeth; and four molars or grinders, in each jaw, making twentv 
in all. The latter (Fig. 7) comprise four incisors, two canint‘s, four small 
grinders, called premolars or false molars, and six large grind(Ts, or true 
molars in each jaw — making thirtv-two in all. The internal incisors an' 
larger than the external pair, in the upper jaw, smaller than the external 
pair, in the lower jaw. The crowns of the npptT molars exhibit four 
cusps, or blunt-pointed elevations, and a ridge crosses the crown 
obliquely, from the inner, anterior cusp to the outer, posterior cusp (Fig. 
7, m^). The anterior lower molars have five cusps, three external and two 
internal. The preniolars have two cu.sps, one int<‘rnal and one external, of 
which the outer is tlie higlier. 

In all these respects the dentition of the gorilla may be described in the 
same terms as that of man; but in other matters it exhibits many and 
important differences (Fig. 7), 

Tlius the teeth of man ('Onstitute a regular and even seru's — without 
any bn^ak and without any marked projt‘ction of out' tooth above tlie 
level of the rest; a pecujiarity which, as Cuvier long ago sliowed, is shared 
by no other mammal save one — as different a creature from man as ( an 
well be imagined — namely, the long extinct Anoplothcrium. The teeth of 
the gorilla, on the contrary, exhibit a break, or intc^rval, termed the 
diastema, in both jaws: in front of the eye-tooth, or between it and the 
outer inci.sor, in the upper jaw; behind the eye-tooth, or between it and 
the front false molar, in the lower jaw. Into this break in the .series, in 
each jaw, fits the canine of the opjxxsite jaw; the size of the eye-tcx)th 
in the gorilla being so great that it proj('ct.s, like a tusk, far beyond the 
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general level of the other teeth. The roots of tlie false molar teeth of the 
gorilla, again, are more complex than in man, and the proportional size of 
the molars is difiFerent. The gorilla has the crown of the hindmost 
grinder of the lower jaw more complex, and the order of eruption of the 
permanent teeth is different; the permanent canines making their ajv 
pearance bt'fore the second and third molars in man, and after them in 
the gorilla. 

Thus, while the teeth of the gorilla closely resemble those of man in 
number, kind, and in the general pattern of their crowns, they exhibit 
marked diflFerences from those of man in secondary respects, such as 
relative size, number of hings, and order of appetuance. 

But, if the teeth of the gorilla be cx^mpared with those of an ape, no 
further removed from it than a Ctjnocephahis, or baboon, it will be found 
that differences and resemblances of the same order are easily observ^able; 
but that many of tlie points in which the gorilla resembles man are those 
in which it differs from the baboon; while v'arious rt^spects in whic h it 
differs from man are exaggerated in the Ctjrwcephahui. The number and 
the nature of the teeth remain the same in the balK>on as in the gorilla and 
in man. But the pattern of the baboon s upper rnoltirs is quite different 
from that described above (Fig. 7), the canines are proporticmally longer 
and more knife-like; the anterior premolar in the lower jaw is specially 
modified; the posterior molar of the lower jaw is still larger and nK)re 
ccjmplex than in tJic gorilla! 

Passing from the old-world apes to tho.se of the new world, we mex't 
with a change of much greater importance than anv of these. In such a 
genus as CebiiSy for example (Fig. 7), it will hv found that while in 
some secondary points, such as the projt'ction of the crinines and the 
diastema, the resemblance to the great ape is presc-rved; in other and 
most important respects, the dentition is extremely different. Instead of 
20 teeth in the milk set, there are 24: instead of 32 teeth in the j>ernianent 
set, there are 36, the false molars h<*ing incT<*ased from eight to twx'lve. 
And in form, the crossms of the molars are very unlike those of the 
gorilla, and differ far more widely from the human pattero. 

Tlie marmosets, on the other hand, exhibit the same number of ttx^h as 
man and the gc^rilla; but, notwithstanding this, their dentition is very dif- 
ferent, for they have four more false molars, like the other American 
monkeys — but as they have four fewer true molars, the total remains the 
same. And passing from the American apes to the lemurs, the dentition 
becomes still more completely and essentially different from that of the 
gorilla. Tlie incisors begin to vary bo^h in number and in form. The molars 
acquire, more and more, a many-pointeil, insectivorous character*, and in 
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one genus, the aye-aye (Cheiromys), the canines disappear, and the 
teeth completely simulate those of a rodent (Fig. 7 ). 

Hence it is obvious that, greatly as the dentition of the highest ape 
differs from that of man, it differs far more widely from that of the lower 
and lowest apes. 

Wliatever part of the animal fabric — whatever series of muscles, w^hat- 
ev(*r viscera might be selected for comparison — the result would be the 
same — the lower apes and the gorilla w^oiild differ more than the gorilla 
and the man, I cannot attempt in this place to follow out all these com- 
parisons ill dt'tail, and indeed it is unneeessarv 1 should do so. But 
certain leal, or supposed, structural distinctions between man and the 
ap<\s remain, upon which so much stress has been laid, that they require 
careful consideration, in order that the true value may be assigned 
to those which are real, an<l the emptiness of those w'liich are fictitious 
mav be eT[X>sc*d. I refer to the characters of the hand, the foot, and the 
liraiii. 

\fan has been defiiuxl as the only animal possessed of tw'o hands 
termiihiting his fore limbs, and of two feet ending his hind limbs, w’hile it 
has been said that .ill the apes possess tour hands; and he has been 
affirmed to differ fundamentall) from all the apt^s in the characters of his 
brain, W'hich alone, it has been strangely asserted and reasserted, exhibits 
the stiiR hires knowm to anatomists as the posterior lobe, tfie posterior 
eornu of tlic lateral ventricle, and the hippocampus- minor. 

That the former proposition should have gained gen ’'al acceptance is 
not surprising — indeed, at first sight, appOcminces are much in its favour: 
but, as for the second, one can only admire the surpassing courage of its 
cnimciator, seving that it is an innovation wliieh is not only opposed to 
generally and justly accepted doctrines, but which is directly negatived 
by the testimony of all original impiiieis, who have sptx'ially investigated 
the matter: and that it neither has betm, nor can be, supported by a sin- 
gle anatomical pieparafion. If would, in fact, be unworthy of serious 
refutation, except for tlie gcmeral and natural belief Out deliberate and 
reiterated assiTtions must have some foundation. 

Before we can discniss the first point w'ith advantage w^e must consider 
with some attentiem, and compare together, the structure of the human 
hand and that of the human foot, so that we may have distinct and 
clear ideas of what constitutes a hand and what a foot. 

ITie external form of the human hand is familiar enough to every one. It 
consists of a stout wri.sl followed by a broad palm, formed of flesh, and 
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tendons, and skin, binding together four bones, and dividing into four 
long and flexible digits, or fingers, each of which bears on the back of its 
last joint a broad and flattened nail. The longest cleft between any two 
digits is rather less than half as long as the hand. From the outer side of 
the base of the palm a stout digit goes off, having only two joints instead 
of three; so short, that it only reaches to a little beyond the middle of 
the first joint of the finger next it; and further remarkable by its great 
mobility, in consequence of which it can be directed outwards, almost at 
a right angle to the rest. This digit is calh^l the pollrx, or thumb; and, 
like the others, it bears a flat nail upon the bac k of its terminal joint. In 
conseejuence of the proportions and mobility of the thumb, it is what is 
termed “opposable”; in other words, its extremity can, with the grcat(\st 
ease, be brought into contact with the c'xtremities of any of the 
fingers; a property upon which the possibility of our Ciurying into ef- 
fect the conceptions of the mind so largely depemds. 

The external form of the foot differs widely from that of the hand; and 
yet, when closely compared, the two present some singular leseniblances. 
Thus the ankle corresponds in a manner wdth the wrist; the sole with the 
palm; the toes with the fingers; the great too with the thumb. But th(> 
toes, or digits of the foot, are far shorter in propc>rtion than the digits of 
the hand, and are less moveable, the want of mobility being.jnost striking 
in the great toe — which, again, is very much larger in proportion to the 
other toes than the thumb 'to the fingers. In c'onsidering this point, how- 
ever, it must not be forgotten that the civilized great toe, confint'd and 
cramped from childhood upwards, is seen to a great disadvantage, and 
that in uncivilized and barefooted people’ it retains a grcMt amount of 
mobility, and even some sort of opposability. The Chinese boatmen are 
said to be able to pull an oar; the artisans of Bcmgal to weave, and th(' 
Carajas to steal fish-hooks by its help; though, after all, it must be recol- 
lected that the structure of its joints and the arrang(’m<‘nt of its bones, 
necessarily render its prehensile action far less perfect than that of the 
thumb. 

But to gain a precise conception of the resemblanc’es and diffcTences of 
the hand and foot, and of the distinctive characters of each, we must 
look below the skin, and c-oinpare the bony framework and its motor ap- 
paratus in each (F'ig. 8). 

Tlie skeleton of the hand exhibits, in the region which we term the 
wrist, and which is technically called the rarjyus — two rows of closely 
fitted polygonal bones, four in each row, which are tolerably equal in 
size. The bones of the first row wich the bones of the forearm, form the 
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wrist joint, and are arranged side by side, no one greatly exceeding or 
overlapping the rest. 

Three of the boiu^s of the second row of the carpus bear the four long 
^ymes which support the palm of the hand. The fifth bone of the 
same character is articulated in a much more free and moveable man- 
ner than the others, with its carpal bone, and forms the base of the tliumb. 



HAND FOOT 


Fig 8 The skeleton of tfie hand and foot of man reduced from Dr Carter^ s 
druivings m Grays Anatomy. The hand is draun to a larger scale than the foot. 
Thi* Itrw a a in the lumd indicates the boundary hetu^ctn the carpus and the 
mHacarpus, b b that between the* latter and the proximal phalangeSy c c marks 
th^ eruLs of the distal pluilauges The line a' a' in the foot indicates the Iwund- 
ary between the tarsus and nu tatarsus, h' b' marks that between the metatarsus 
arul the proximal phalanges, and c' v' hounds the ends of the distal phalanges, 
ca, thi* calcaneum, as, the astragalus, sc, the scaphoid hone tn the tarsus 

These are callenl rtu*iacarpal bones, and they carry the phalanges, or 
bones of the digits, ol which there are two in the thimib, and three in 
each of the fingers. 

The skeleton of the foot is very like that of the hand in some respects. 
Thus there are thrt^ phalanges in each of the lesser toes, and only two 
in the great toe, which answers to tlie thumb. Tliere is a long bone, 
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termed metatarsal, answering to the metacarpal, for each digit; and the 
tarsus which coiTesponds with the carpus, presents four short polygonal 
bones in a row, which correspond very closely with the four carpal 
bones of the second row of the hand. In other respects the foot diflPers 
very widely from the hand. Thus the great toe is the longest digit but 
one; and its metatarsal is far less moveably articulated with the tarsus 
than the metacarpal of the thumb with the carpus. But a far more im- 
portant distinction lies in the fact that, instead of four more tarsal bones 
there are only tliree; and, that these tlirce are not arrangtxl side by side, 
or in one row. One of them, the os calcis or heel bone (ca), lies ex- 
ternally, and sends back the large projecting heel; another, the astragalus 
{as), rests on this by one face, and by another, forms, with the bones of 
the leg, the ankle joint; while a thiid face, directed forwards, is st*parated 
from the three inner tarsal bones of the row next the metatarsus by a bone 
called the scaphoid (sc). 

Thus there is a fundamental difference in the stnicture of the foot and 
the hand, observable when the carpus and the tarsus are contrastt'd: and 
there are differences of degree noticeable when the proportions and the 
mobility of the metacarpals and metatarsals, with their respective digits, 
are compared together. 

The same two classes of differences become obvious when the mus- 
cles of the hand are C'ompared with those of the for>t. 

Tliree principal sets of muscles, called “flexors,” bend the fingers and 
thumb, as in clenching the fist, and three sets — the extensors — extend 
them, as in straightening the fingers. These muscles are all “long mus- 
cles”; that is to say, the fleshy part of each, l>ing in and being fixed to 
the bones of the arm, is, at the other end, continued into tendons, or 
rounded cords, which pass into the hand, and are ultimately fixe<l to the 
bones which are to be moved. Thus, whem the fingers are bemt, tlie 
flesliy parts of the flexors of the fingers, placexl in tlie arm, contract, in 
virtue of their peculiar endowment as muscles; and pulling die te ndinous 
cords, connecting with their ends, cause them to pull down the bones 
of the fingers towards the palm. 

Not only are the principal flexors of the fingers and of th^ thumb long 
muscles, but they remain quite distinct from one another throughout 
their whole length. 

In the foot, there are also three princ'ipal flexor muscles of the digits 
or toes, and three principal extensors; but one extensor and one flexor arc 
short muscles; that is to say, thcii fleshy parts are not situated in the leg 
(which corresponds with the arm), but in the back and in the sole of 
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the foot — ^regions which correspond with the back and the palm of the 
hand. 

Again, the tendons of the long flexor of the toes, and of the long flexor 
of the great toe, when they reach the sole of the foot, do not remain dis- 
tinct from one another, as the flexors in the palm of the hand do, but 
they become united and commingled in a very curious manner — while 
their united tendons receive an accessory muscle connected with the 
heel-bone. 

But perhaps the most absolutely distinctive character about the muscles 
of the foot is the existence of what is termed the peronaetis lonf^us, a 
long mus(‘le fixed to the outer bone of the leg. and sending its tendon to 
the outer ankle, behind and below which it passes, and then crosses the 
foot oblif juely to be attached to the base of the great tt^e. No mii.scle in the 
hand exactly coiTCsponds with this, which is eminently a foot muscle. 

To resum#' — the foot of man is distinguished from his hand by the fol- 
lowing absolute anatomical differences: 

1. By tlie arrangement of the tarsal ]>ones. 

2. By having a short flexor and a short extensor muscle of the digits. 

3. By possessing the muscle termed prronacus lonf^ns. 

And if we de.sire to ascertain whether the tenninal division of a limb, 
in other Primatc's, is to be called a foot or a hand, it is by the presence or 
absence* of these characters that we must be guided, and not by the 
mere pro|>ortions and greater or lesser mobility of tlie great tex*, which 
may vary indefinitely without any fundamental alterativ/n m the structure 
of the foot. 

Kc'eping these considerations in mind, let us now turn to the limbs of 
the gorilla. The terminal division of the fore limb presents no difficulty — 
bone for bone and mii.sc le for muscle, are found to be arranged essentially 
as in man, or with .suc h minor differences as are found as varieties in man. 
Tlie gorilla’s hand is clumsier, hc'avier, and has a thumb somewhat shorter 
in proportion than that of man; but no one has c\er doubted it being a 
true hand. 

At first sight, the termination of the liin ’ limb of the gorilla Icxiks veiy^ 
haiuMikc*, and as it is still more so in many of the lower apes, it is not 
wonderful that the appellation “Quadrnmana,” or four-hancied ereatures, 
adopted from the older anatomists * by Blunienbach, and unfortunately 

5. In speakini; of the foot of his “Pvirniie,’" Tyson n*in.irks, p. 13: 

"But this pjiit in the foimation nml in il.s finution too. heinc liker a Hand than a 

Foot; for the’ di^iiiigiiishing thi.s .wrt of iinunah fioin othors, I have thought whether 
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rendered current by Cuvier, should have gained such wide acceptance 
as a name for the simian gioup. But the most cursory cinatoinical investi- 
gation at once proves that the resemblance of the so-callcd “hind hand** 
to a true hand, is only skin deep, and that, in all essential respects, the 
hind limb of the gorilla is as truly terminated by a foot as tliat of man. 
Tlie tarsal bones, in all imp)ilant circumstances of number, disposition, 
and form, resemble thost' of man (Fig. 9). Tlie metatarsals and digits, on 
the other hand, are proportionally longer and more slender, while the 
great toe is not only projiortionally shorter and weaker, but its meta- 
tarsal bone is united by a more moveable joint witli the tarsus. At the 
same time, tht» foot is set more ohlicpiely upon the leg than in man. 

As to the muscles, there is a short flexor, a short extensor, and a 
peronaetis loji^us, while the tendons of the long flex<irs of the great toe 
and of the other to<*s are united together and with an accessory fleshy 
bundle. 

The hind limb of the gorilla, therefore, ends in a true foot, with a very 
moveable grcMt toe. It is a prehensile foot, indeed, but is in no sense a 
hand, it is a focjt which differs from that of man not in any fundauamtal 
character, but in mere proportions, in the degree of mobility, and in the 
secondary arrangement of its parts. 

It must not be supposed, however, l>ccause I speak of tl\eare differences 
as not fundamental, that I wish to underrate their value. They are im- 
portant enough in their way, the stmeiure of the ffx)t being in strit't 
correlation with that of the rest of the organism in each case. Nor can it 
be doubted that the greater division of physiological labour in man, so 
that the function of support is thrown wholly on the l(‘g and foot, is an 
advance in organization of very great moment to him; l>ut, after all, re- 
garded anatomically, the resemblances between the foot of man and the 
foot of the gorilla are far more striking and important than the differences. 

I have dwelt upon this point at length, because it is one regarding 
which much delusion jxevails; hut I might have passed it over without 
detriment to my argument, which only requires me to show that, be the 


it might not be reckoned and called rather ^uadni-manus Uiaii ytiadnijHis. i.e. 
a foui'h^mdf*<J rather than a four-footed animal.^ 

As this passage was published in 1699, M. 1 . G. St. Hilaire is cidarly in error 
in ascribing the invention of tlie term **^adruxnamnjs" to Btiffon, though 
“birnanous^ may belong to him. Tyson uses ‘^ladniinanus” In several plact^^, as 
at p. 91: “Our FugrrUe Is no Man, nor yet the common Ape, but a sort of 
Animal between ^th, and tliough a Biped, yet of the Quadrumamui-Vind: 
though some Men too have been observed to use their Feet like Hands as 1 liuvc 
s<*eii s«*vt*ral “ 




Tlie thumb of the orang differs more from tliat of the gorilla than the 
thumb of the gorilla differs fiom that of man, not only by its shortness, but 
by the absence of any special long flexor muscle. The caq^us of the orang, 
like that of most lower apt*s, contains nine bones, while in the gorilla, as 
in man and the chimpanzee, there art^ only eight. 

The orang’s foot (Fig. 9) is still more aberrant; its very long toes and 
short tarsus, short great toe, short and raised heel, great obliquity of 
articulation with the leg, and absence of a long flexor tendon to the great 
toe, separating it far more widely from the foot of tlie goriUa tlian the 
latter is separated from that of man. 
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But, in some of the lower apes, the hand and foot diverge still more 
from those of the gorilla, than they do in the orang. The thumb ceases to 
be opposable in the American monkeys; is reduced to a mere rudiment 
covered by the skin in the spider monkey; and is directed forwards and 
armed with a curved claw like the other digits, in the marmosets — so that, 
in all these cases, there can be no doubt but that the hand is more differ- 
ent from that of the gorilla than the gorilla’s hand is from man s. 

And as to the foot, the great toe of the marmoset is still more insignifi- 
cant in proportion than that of the orang — while in the lemurs it is very 
large, and as completely thumb-like and opposable as in the gorilla — but 
in these animals the second toe is often irregularly modified, and in some 
species the two principal bones of the tarsus, the astragahis and the os 
calciSy are so immensely elongated as to render the foot, so far, totally un- 
like that of any other mammal. 

So with regard to the muscles. The short flexor of the toes of the gorilla 
differs from that of man by the circumstance that one slip of the muscle 
is attached, not to the heel-bone, but to the tendons of the long flexors. 
The lower apes depart from the gorilla by an exaggeration of the same 
character, two, three, or more, slips becoming fixed to the long flexor 
tendons— or by a multiplication of the slips. Again, the gorilla differs 
slightly from man in the mode of interlacing of the long flexor temdons: 
and the lower apes differ from the gorilla in exhibiting yet other, 
sometimes very complex, arrangements of the same parts, and oc- 
casionally in the absence of the accessory fleshy bundle. 

Tliroughout all the^e modifications it must be reafflected tliat the foot 
loses no one of its essential characters. Every monkey and lemur ex- 
hibits the characteristic arrangement of tarsal bones, possesses a short 
flexor and short extensor muscle, and a peronaeus hm^us. Varied as the 
proportions and appearance of the organ may be, the terminal divi- 
sion of the hind limb remains, in plan and principle of construction, 
a foot, and never, in those respects, can be c'onfounded with a hand. 

Hardly any part of the bodily frame, then, could be found hotter calcu- 
lated to illustrate the truth that the structural differences between man 
and the highest ape are of less value tlian those between the highest and 
the lower apes, than the hand or the foot; and yet, perhaps, there is one 
organ the study of which enforces the same conclusion in a still more 
striking manner — and that is the brain. 

But before entering upon the precise question of the amount of dif- 
ference between the apes brain and that of man, it is necc*ssary that we 
should clearly understand what constitutes a great, and what a small. 
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difference in cerebral structure; and we shall be best enabled to do this 
by a brief study of the chief modifications which the brain exhibits in the 
series of vertebrate animals. 

Tlie brain of a fish is very smaU, compared with the spinal cord into 
which it is continued, and with the nerves which come off from it: of the 
segments of which it is composed — the olfactory lobes, the cerebral hemi- 
spheres, and the succeeding divisions — no one predominates so much 
over the rest as to obscure or cover them; and the so-called optic lobes are, 
frcc|uontly, the largest masses of all. In reptiles, the mass of the brain, 
r(*latively to the spinal cwd, increases and the cerebral hemispheres be- 
gin to predominate over the other parts; while in birds this predominance 
is still more marked. The brain of the lowest mammals, such as the 
diick-])illed platypus and the ojxissums and kangaroos, exhibits a still 
more definite advance in the same direction. The cerebral hemispheres 
ha\e now much increased in size as. more or less, to hide the repre- 
si*ntatives of the optic lobes, which remain comparatively small, so that 
the 1)1 ain of a marsupial is extremely different from that of a bird, reptile, 
or fish. A st(‘p higher in the scale, among the placental mammals, the 
structure of the brain acquires a vast modification — not that it appears 
much alt(‘r(»d externally, in a rat or in a rabbit, from what it is in a 
marsupial — nor that the proportions of its parts are much changed, but an 
apparently new stnicture is found between the cerebral hemispheres, con- 
n<»cting them together, as what is called the “great commissure*' or “corpus 
callosum.” The subject requires careful re-investigation, but if the cur- 
rently received statements are cxirrect, the appearance of the “corpus 
callosuTu” in llu' placental mammals is the greatest and most sudden 
modification cxhibitixl by the brain in the whole series of vertebrated 
animals — it is the greatest leap anx^hcre made by Nature in her brain 
work. For the two halves of the brain being once thus knit together, the 
progress of cerebral complexity is traceable through a complete series of 
steps from the lowest rodent, or insectivore, to man; and that complexity 
consists, chiefly, in the disprojwrtionate development of the cerebral 
hemispheres and of the cerebellum, but especially of the former, in re- 
spect to lh(‘ othcT parts of the brain. 

In the lower placental mammals, the cerebral hemispheres leave the 
prop'r u[)pcT and posterior face of the t'erebelhim completely visible, 
when the brain Ls viewed from above; but, in the higher forms, the hinder 
part of each hemisphere, separated only by the tentorium (p. 193) from 
the anterior face of the cerebellum, inclines backwards and downwards, 
and grows out, as the so-called “jiosterior lobe,” so as at length to overlap 
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and hide the cerebellmn. In all mammals, each cerebral hemisphere con- 
tains a cavity which is termed the “ventricle”; and as this ventricle is pro- 
longed, on the one hand forwards, and on the otlier downwards, into the 
substance of the hemisphere, it is said to have two horns or “cornua,” 
an “anterior cornu,” and a “descending comii ” When the posterior lobe 
is well developed, a third prolongation of the ventricular cavity extends 
into it, and is called the “posterior cornu ” 

In the lower and smaller forms of placental mammals the surface of 
the cerebral hemispheres is either smooth or evenly rounded, or exhibits 
a very few grooves, which are technically termed “sulci,” separating 
ridges or “convolutions” of the suhstanc'e of the brain; and tlie smaller 
species of all orders tend to a similar smtwthness of brain. But, in the 
higher orders, and especially the larger members of these orders, the 
grooves, or sulci, become extremely numerous, and tlie inle*rmediate 
convolutions proportionately more complicated in their ineandcrings, 
until, in the elephant, the porpoise, the higher apes, and man, the 
cerebral surface appears a perfect labyrinth of tortuous foldings. 

\\Tiere a posterior lobe exists and presents its customary cavity — tlie 
posterior cornu — it commonly happens that a particular sulcus appe«irs 
upon the inner and under surface of the lobe, parallel with and beneath 
the floor of the cornu — which is, as it were, arched over the roof of tlie 
sulajs. It is as if the groove had been formed by indenting the floor of the 
posterior horn from without with a blunt instrument, so that the floor 
should rise as a convex eminence. Now this eminence is what has been 
termed the “hippocampus minor,” the “hippocampus major” being a 
larger eminence in the floor of the descending cx)rnu. Wliat may be the 
functional importance of either of these structures wc know not. 

As if to demonstrate, by a striking example, the impossibility of crec't- 
ing any cerebral barrier between man and the apes, nature has provider! 
tis, in the latter animals, with an almost complete series of gradations 
from brains little higher than that of a rodent, to brains little lower than 
that of man. And it is a remarkable ciraimstanee, that thoi^gh, so far 
as our present knowledge extends, there is one true structurlil break in 
the series of forms of simian brains, this hiatus does not lie Ixstwecn man 
and tlie man-like apes, but between the lower and the lowest Simians; or. 
in other words, between the old and new world apes and monkeys, and 
the lemurs. Every lemur which has yet been examined, in fact, has its 
cerebellum partially visible from above, and its posterior lobe, with the 
contained posterior cornu and hippocampus minor, more or less nidi- 
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mentary. Every marmoset, American monkey, old world monkey, l^aboon, 
or man-like ape, on the contrary, has its cerebellum entirely hid<len, 
posterioily, by the cerebral lobes, and possesses a large posterior 
c*ornn, with a well-developed IdpjKxampiis minor. 

In many of these creatures, such as tlic saimiri (Chrysothrix) , tin* 
cerebral lobes overlap and extend much furtluT behind the cereV)elIum, in 
proportion, than they do in man (Fig. 6) — and it is (juitc certain that, *n 
all, the ccTebelhiin is c'<anpletelj covend behind, by well-developed 
posterior lolx's. The fact can be \erified b\ cvctv one who possesses t]\e 
skull of any old (^r new world monkery, l^'or, inasmuch as the brain in all 
mammals comj')let<'ly fills the cranial cavity, it is obvious that a ciist of 
the interior of the skull will reproduce the giMieral fonn of the brain, at 
any rate with suc h minute and, for the presc'iit pur|'K>se, utterly unimpor- 
tant difference's as may result fiom tlie absenc e of the enveloping mem- 
branes of the brain in thc^ drv skull. But if such a cast be made in plaster, 
and comparetl with a similar east of the inlirior of a luiman skull, it 
wall be obvious that the cast of the cerebral chamber, representing the 
cerebrum of tlie ape, as comph'telv covits over and overlaps the c*ast of 
the cerebellar chamber, representing tlu‘ (‘erebcdlum, as it does in the' 
man (Fig. lo). A ciu'ch'ss obseiver, forgetting that a soft stnictiire like 
the brain loses its pro|>er shHi>e the moment it is taken out of tlie 
skull, may indeed mistake the uncovered condition of tlie c'crelxdlum of 
an extracted and distorted brain for the natural re lations of the parts: but 
his error must become patent even lo himself if he trj' to replace thc' 
brain within the cranial chamber. To suppose tliat the cerebellum of an 
a[>c is naturally uncovered behind is a miscomprehension comparable 
only to that of one wlio should imagine that a man's lungs alwavs 
oc'cupy but a small portion of the thoracic cavity, l>ecause they do so 
when the chest is opemed, and their elasticity is no longer neutralized bv 
the pressure of tlie air. 

And the error is the less excusable, as it must becxjme apparent to 
every one who examines a section of the skull of any ape alxive a lemur, 
w’ithout taking the trouble to make a cast of it. For there is a very marked 
grcHivc in every such skull, as in the human skull — wluch indicates the 
line of attachm<*nt of what is termed the tentorium — a sori of parchment- 
like shelf, or partition, whieli, in tlie recent state, is interpo.sed between 
the cerebnim and cerebellum, and prevc^nts the former from pressing 
upon the latter. (See Fig. 6.) 

lliis groove, theicfore, indicates the line of sejxinition lietw^een that 
part of the cranial cavity which contains the ccndirum, and that which 
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Fig lo Drawings of the internal casts of a mans and of a chimpanzee's skull, 
of the same absolute length, dnd placed m corresponding positions The former 
drauing is taken from a cast in the Museum of the Royal ColUge of Surgeons, 
the latter from the photograph of the cast of a chimpanzee s skull which illus- 
trates the paper by Mr Marshall **On the Brain of the Chimpanzie" m the 
Natural History Review for July, 1861 The sharper dffinition of the loner 
edge of the cast of the cerebral chamber in the chimpanzee arises from the 
circumstance that the tentorium remained in that skull and not m the mans 
Tlte cast more accurately rejnesents the brain in the chimpanzee than in the 
man, and the great backward projection of the posterior lobes of the cerebrum 
of the former, beyond the cerebellum, is r onspicuous 

contains the cerebellum, and as the brain exactly fills the cavity of the 
skull, it IS obvious that the relations of these two parts of the cranial 
cavity at once informs us of the relations of their contents Now in man, 
in all the old world, and in all the new world simiae, with one exception, 
when the face is directed forwards, this line of attachment of the ten- 
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toriiim, or impression for the lateral sinus, as it is technically called, is 
nearly horizontal, and the cerebral chamber invariably overlaps or pro- 
jects behind the cerebellar chamber. In the Howler monkey or Mycetes 
(see Fig. 6), the line passes obliqiiely upwards and backwards, and the 
cerebral overlap is almost nil; while in the lemurs, as in the lower mam- 
mals, the line is much more inclined in the same direction, and the 
cerebellar chamber projects considerably beyond the cerebral. 

When the gravest errors respecting points so easily settled as this 
question respecting the posterior lobes, can be authoritatively pro- 
pounded, it is no wonder that matters of observation, of no very com- 
plex character, but still requiring a certain amount of care, should have 
fared worse. Any one who cannot see the posterior lobe in an ape’s 
brain is not likely to give a very valuable opinion respecting the posterior 
cornu or the hippocampus minor. If a man cannot see a church, it is pre- 
posterous to take his opinion about its altar-piece or painted window — 
so that I do not feel bound to enter upon any discussion of these points, 
but content myself with assuring the reader that the posterior cornu and 
the hippoc ampus minor, have now been seen — usuallv, at least as well 
developed as in man, and often better — not only in the chimpanzee, the 
orang, and the gibbon, but in all the genera of the old world baboons 
and monkeys, and in most of the new world forms, including the marmo- 
sets. 

In fact, all the abundant and tnistwmrthv evidence (c-onsisting of the re- 
sults of careful investigations directed to the determination of these veiy^ 
questions, by skilled anatomists) which we now possess, leads to the 
conviction that, so far from the posterior lobe, the posterior cornu, 
and the hippocamjnis minor, being structures peculiar to and charac- 
teristic of man, as they have been over and over again asserted to be, 
even after the publication of the clearest demonstration of the reverse, it 
is precisely these structures which are the most marked cerebral charac- 
ters cH)mmon to man with the apes. They are among the most distinctly 
simian pc'culiarities which the human organism exhibits. 

As to the convolutions, the brains of the apes exhibit every stage of 
progress, from the almost smcw)th brain of the marmoset, to the orang 
and the chimpanz€‘e, which fall but little below man. And it is most 
remarkable that, as soon as all the principal sulci appear, the paltCTn ac- 
cording to which they are arranged is identical with that of the cor- 
responding s\jlci of man. The surface of the brain of a monkey exhibits 
a sort of skeleton map of man’s, and in the man-like apes the details be- 
come more and more filled in, until it is only in minor characters, such 
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as the greater excavation of the anterior lobes, the constant presence of 
fissures usually absent in man, and the different disposition and propor- 
tions of some convolutions, that the chimpanzee's or the orang’s brain can 
be structurally distinguished from man's. 

So far as cerebral stnictm-e goes, therefore, it is clear tliat man differs 
less from tlie chimpanzee or the orang, than these do even from the 
monkevs, and that the difference between the brains of the chimpanzee 
and of man is almost insignificant, when compared with that between 
the chimpanzee brain and that of a lemur [cf. Fig. ii, p. 198]. 

It must not be overlooked, how'cver, lliat there is a very striking 
difference in absolute mass and weight between the low(*st human brain 
and that of tlie highest ape — a difference which is all the more remfuk- 
able when we recollect that a full-grown gorilla is probably pretty nearly 
nvice as heavy as a Bosjesman, or as njany a Europ^^an woman. It may 
be doubted whether a healthy human adult brain ever weighed less than 
thirt\’-one or two ounc-es, or that the heaviest gorilla brain has e\ct*ed(\l 
twenty ounces. 

This is a very noteworthy circumstance, and doubtlc*ss ^^'ilI one day 
help to furnish an evplanation of the great gulf which intcrv^cnes belw(‘en 
the low'est man and the high(?st ape In intellectual power;'* but it ha.s little 

6. I say help to furnish; for I by no nitMns brlirvi^ a was any (IjfTrionce 

of rerebral qualitVr or (jiiantitv, which cause’ll that divt^rmuice ht tAvecn tin* human 
and the pithiicoid stirpes, whn h has ended in the pii'^ont monnous i^ilf hetw(M*n 
tliciii. It is no doubt perfectly true, in a ct^rtain sense, that all dillerenee of function 
is a result of cliilereiic'C of structure, or, in other words, f>f diJfon*n(e in the combi- 
nation of the primary molwular force's of lisnnp; substaiu e, and, starting from this 
undeniable axiom, obje<‘tors occa-sioually, and with much seeming plausibility, 
argue tliat the va.st intell<‘ctual chasm belw^<*en tlie ape and man iniplu*s a ('orre- 
sponding structural chasm in the organs of the inteni*tlual functions; so that, it is 
said, tfip non-discovery of such vast diflerences proves, not tliat they are absent, 
but Uuit science is inexunpetent to delect them. A very hit It* considt‘ration, hx^wever. 
will, I think, show the fallacy of this r<‘avonjng. Its validity hangs ujKm the assump- 
tion that intellectual power depends altogether on the brain — whereas the brain is 
only one C'onditinn out of many on which intellettiial nianifestatiorui depmd, the 
others being, chiefly, the organs of the senses and the motor apparatuses, especially 
those which are concerned in prehension and in the production of articulate spe<*rh. 

A man born dumb, notwithstanding liis great c-erehral mass and hLs Inheritance 
of strong inlellecjtual ircstincts, would be capable of few higher intellectual mani- 
fe«tations than an orang or a c'himpanyee, if he were confined to fhe sot‘iety of 
dumb asMxiates. And yet there might not be the slightf*st disc'cmible differenc'c 
between his brain ancl tliat of a highly inlelligcml and ciiltivate4 person. The 
dumbness might lie the result of a defective structure of the mouth, or of the t<mgue, 
or a mere defective innervation of these parts; or it might result from congenital 
deafnciss, causc^d by some minute defect of the internal car, which only a caireful 
anatomist could disaiver. 

Tlio argument that liccause there is an immenst; difl^ereuco between a man*i 
intelligence and an ape's, thercfoie, tlere must bo an c'ciually iinnic*ii.se differentw 
between their brains, appears to me to alx>ut as well based as the reasoning by 
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systematic value, for the simple reason that, as may be concluded from 
what has been already said respecting cranial capacity, the difference 
in weight of brain between the highest and the lowest men is far greater, 
both relatively and absolutely, than that between the lowest man and 
the highest ape. The latter, as has been seen, is represented by, say 
twelve, ounces of cerebral substance absolutely, or by 32:20 relatively; 
but as the largest recorded human brain weighed between 65 and 66 
ounces, the former difference is represented by more than 33 ounces 
absolutely, or by 65:32 relatively. Regarded systematically, the cerebral 
differences of man and apes, are not of more than generic value; his 
family distinction resting chiefly on his dentition, his pelvis, and his 
lower limbs. 

Thus, whatever system of organs be studied, the comparison of their 
modific'^^I' "" in the ape series leads to one and tlie same result — tliat the 
structural differences which separate man from the gorilla and the chim- 
panzee are not so great as those which separate the gorilla from the 
lower apes. 

But in enunciating this important truth I must guard myself against a 
form of misunderstanding, which is very prevalent. I find, in fact, that 
those who endeavour to teadi what nature so clearly shows us in this 
matter, are liable to have their opinions misrepresented and their phrase- 
ology garbled, until they seem to say that the structmal differences be- 
tween man and even the highest apes are small and ui*^ignificant. Let me 
take this opporlimity then of distinctly asserting, on the contrary, that 
they are great and significant; that every lx)ne of a gorilla bears marks by 
which it might be distinguished from the corresponding bone of a man; 
and that, in the present creation, at any rate, no intennediate link 
bridges over the gap between Homo and Troglodytes. 

It would be no less wrong than absurd to deny the existence of tliis 
chasm; but it is at least equally wrong and absiurd to exaggerate its mag- 
nitude, and, resting on the admitted laot of its existence, to refuse to 

which on<5 should endeavour to prove that, because there is a “great giilT between 
a watch that keeps accurate time and an* her that will not go at all, there is 
therefore a great structural hiatus between the two watches. A hair in the balance- 
wheel, a little rust on a pinion, a bend in a tootli of the escapement, a something so 
slight that only the practised eye of the watchmaker can discover it, may be the 
source of all the difference. 

And believing, as I do, with Cuvier, that the possession of articulate speech is the 

f and distinctive character of man (whether it he absolutely peculiar to him or not), 
find it very easy to comprehend, that some equally inconspicuous structural 
difference may have oeen the primary cause of tlu‘ inuneasurable and practically 
infinite divergence of the human from tlio simian stir^is. 






Fig. 11. Drawings of the cerebral hemispheres of a man and of a chimpanzee 
of the same length, in order to show the relative proportions of the parts: the 
former taken from a specimen, which Mr. Flower, Conservator of the Museum 
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inquire whether it is wide or narrow. Remember, if you will, that there is 
no existing link between man and the gorilla, but do not forget that there 
is a no les.s sharp line of demarcation, a no less complete absence of any 
transitional form, between the gorilla and the orang, or the orang and the 
gibbon. 1 say, not less sharp, though it is somewhat narrower. The 
structural differemces between man and the man-like apes certainly justify 
our regarding him as constituting a family apart from them; though, in- 
asmuch iLs he differs less from them than they do from other families of 
the same order, tluTC can be no justification for placing him in a dis- 
tinct order. 

And thus the sagacious foresight of the great lawgiver of systematic 
zoology, iJnnaeus, becomes justified, and a century of anatomical re- 
searcii brings us back to his conclusion, that man is a member of the same 
Older (for which the Linnaean term Primates ought to be retained) as 
the M lemurs. This order is now divisible into seven families, of 
about ecjual systematic value: the first, the Anthropini, contains man 
alone; the sc'cond, the Catarhini, embraces the old world apes; the third, 
the Platyrhini, all new world apes, except the marmosets; the fourth, the 
Aictopithcxini, contains the marmosets; the fifth, the Lemurini, the le- 
murs — from w'hich Cheiromys should probably be excluded to form a 
sixth distinct family, the Cheiromyini; while the seventh, the Galeo- 
pithccini, contains only the flying lemur Gal eopith ecus — a strange form 
which almost touches on the bats, as the Cheiromys puts on a rodent 
clothing, and the lemurs simulate inscclivora. 

Perhaps no ord(T of mammals pres€*nts us with so extraordinary a series 
of grad«itions as this — leading us insensibly from the crown and summit 
of the animal creation down to creatures, from which there is but a step, 
as it seems, to the lowest, smallest, and least intelligent of the pla- 
cental Mammalia. It is as if nature herself had foreseen the arrogance 
of man, and with Roman severity had provided that his intellect, by its 
very triumphs, should call into prominence the slaves, admonishing the 
conqueror that he is but dust. 

These are the chief facts, this the ii nediate conclusion from them to 
which 1 advertc^d in the eommenc'ement of tins essay. Tlie facts, I be- 
lieve, cannot be dispiitcxl; and if so, the conclusion appears to me to be 
inevitable. 


Cff the Royal College of Sur^eems, was pood enough to for me, the latter, 

from the plmiopraph of a similarly dissected chimpanzees f?rain, piven in Mr. 
Marshairs paper al)ove referred to Ip. i94l* post(TU)r lobe; b, lateral ven- 
tricle; c, posterior cornu; x, the hippocampus minor. 
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But if man he separated by no greater stnictural barrier from the brutes 
than they are from one another — then it seems to follow that if any 
process of physical causation can be discovered by which the genera and 
families of ordinary animals have been produced, that process of causa- 
tion is amply sufiBcient to account for the origin of man. In other words, if 
it could be shown that the marmosets, for example, have arisen by 
gradual modification of the ordinary Platyrhini, or that both marmosets 
and Platyrhini are modified ramifications of a primitive stock — then, 
there would be no rational ground for doubting that man might have 
originated, in the one case, by the gradual modification of a man-like 
ape; or, in the other case, as a ramification of the same primitive stock 
as those apes. 

At the present moment, but one such process of physical causation has 
any evidence in its favour; or, in other words, there is but one hypothesis 
regarding the origin of species of animals in general which has any 
scientific existence — that propounded by Mr. Darwin. For Lamarck, 
sagacious as many of his views were, mingled them with so much that 
was crude and even absinrd, as to neutralize the benefit which his 
originality might have effected, had he been a more sober and cautious 
thinker; and though I have heard of the announcement of a formula 
touching “the ordained continuous becoming of organic^’^orms,*' it is 
obvious that it is the first duty of a hypothesis to be intelligible, and that 
a quaquaversal proposition of this kind, which may be read backwards, 
or forwards, or sideways, with exactly the same amount of signification, 
does not really exist, though it may seem to do so. 

At the present moment, therefore, the question of the relation of man 
to tlie lower animals resolves itself, in the end, into tlie larger question 
of the tenability, or untenability, of Mr. Darwin's views. But here wc 
enter upon difficult ground, and it behoves us to define our exact posi- 
tion with the greatest care. 

It cannot be doubted, I think, that Mr. Darwin has satisfactorily proved 
that what he terms selection, or selective modification, must occur, and 
does occur, in nature; 'and he has also proved to superfluity that such 
selection is competent to produce forms as distinct, stnicturally, as some 
genera even are. If the animated world presented us with non® but struc- 
tural differences, I should have no hesitation in saying that Mr. Darwin 
had demonstrated the existence of a tnie physical cause, amply compo 
tent to account for the origin of living species, and of man among the rest. 

But, in addition to their structural distinctions, the species of animals 
and plants, or at least a great number of them, exhibit physiological char- 
acters — what are known as distinct species, structurally, being for the 
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most part either altogether incompetent to breed one with another; or if 
they breed, the resulting mule, or hybrid, is unable to perpetuate its 
race with another hybrid of the same kind. 

A tnie physical cause is, however, admitted to be such only on one 
condition — that it shall account for all the phenomena wliich come within 
the range of its operation. If it is inconsistent with any one phenomenon, 
it must be rejected; if it fails to explain any one phenomenon, it is so far 
weak, so far to be suspected; though it may have a perfect right to claim 
provisional acceptance. 

Now, Mr. Darwin’s hypothesis is not, so far as I am aware, inconsistent 
with any known biological fact; on the contrary, if admitted, the facts of 
development, of comparative anatomy, of geographical distribution, and 
of palaeontology, become connected together, and i*xhibit a meaning such 
as they never possessed before; and I, for one, am fully convinced, that if 
not prerr^ly true, that hy])othesis is as near an approximation to the 
truth as, for example, the Copemican hypotlicsis was to the true theory 
of the planetary motions. 

Hut, for all this, our acceptance of the Darwinian hypothesis must 
be piovisional so long as one link in the chain of evidence is wanting; 
and so long as all the animals and plants certainly product»d by selective 
brtx'ding from a common stock are fertile, and their progeny are fertile 
with one another, that link will be wanting. For, so long, selective breed- 
ing will not be proved to be competent to do all that is required of it 
to produce natural species. 

T have put this conclusion as strongly as possible before the reader, 
bcciiuse the last position in which I wish to find myself is that of an 
advocate for Mr. Darwin’s, or any other views; if by an advocate is meant 
one whose business it is to smooth over real difficulties, and to persuade 
where he cannot ainvince. 

In justice to Mr. Darwin, however, it must be admitted that the condi- 
tions of fertility and sterilit)' are very ill understood, and that every day’s 
advance in knowledge leads us to regard the hiatus in his evidence as of 
kiss and lt*ss importiince, when sot against the multitude of facts which 
harmonize with, or receive an explamtion from, his doctrines. 

I adopt Mr. Darwin’s hypothesis, therefore, subject to the production 
of proof that physiological species may be produced by selective breed- 
ing; just as a physical philosoj^ber may accept the undulatory theory of 
light, subject to the proof of the existence of the hypothetical ether; or 
as the chemist adopN the atomic theory', subject to the proof of the exist- 
ence of atoms; and tor exactly the same reasons, namely, that it has an 
immense amount of priina facie piobahility: that it is the only means at 
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present within reach of reducing the chaos of observed facts to order; 
and lastly, that it is the most powerful instrument of investigation which 
has been presented to naturalists since the invention of the natural system 
of classification, and the commencement of the systematic study of 
embryology. 

But even leaving Mr. Darwins views aside, the whole analogy of 
natural operations furnishes so complete and cnishing an argument 
against the intervention of any but what are termed secondary causes, in 
the production of all the phenomena of the universe; that, in view of 
the intimate relations between man and the rest of the living world, and 
between the forces exerted by the latter and all other forces, I can s('e no 
excuse for doubting that all are co-ordinated terms of naturc^’s great 
progression, from the formless to the formed — from the inorganic to the 
organic — from blind force to conscious intellect and will. 

Sdcnce has fulfilled her function when she has ascertained and e^niin- 
ciated truth; and were these pages addressed to men of science only, I 
should now close this essay, knowing that my c‘olIeagues hav(' learned to 
re-spect nothing but evidence, and to believe that their highest duty lies 
in submitting to it, however it may jar against thc^ir inclinations. 

But desiring, as I do, to reach the wider circle of the intelligent public, 
it would be unworthy cowardic^e were I to ignore the repugnance with 
which the majority of my readers are likely to meet tlie conclusions to 
which the most careful and conscientious study I have been able to give 
to this matter, has led me. 

On all sides I shall hear the cry: “\Ve are men and women, not a mere 
better sort of apes, a little longer in the leg, more c^ompac t in the foot, 
and bigger in brain than your brutal chimpanzees and gorillas. Hie 
power of knowledge — the conscience of good and evil — the pitiful tender- 
ness of human affections, raise us out of all real fellowship with the })rutes, 
however closely they may seem to approximate us.” 

To this I can only reply that the exclamation would be most just and 
would have my own entire sympathy, if it were only relevant. But, it is 
not I who seek to base man’s dignity upon lus great toe, or insinuate that 
we are lost if an ape has a hippocampus minor. On the contrary, I have 
done my best to sweep away this vanity. I have endc^avoured to show that 
no absolute structural line of demarcation, wider than that l>etween the 
animals which immediately succeed us in the scale, can be drawn be- 
tween the animal world and ourselves; and I may add the expression of 
my belief that the attempt to draw a p.sychical distinction is equally 
futile, and that even the highest faculties of feeling and of intellect begin 
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to germinate in lower forms of life/ At the same time, no one is more 
strongly convinced than I am of the vastness of the gulf between civilized 
man and the brutes; or is more certain that whether from them or not, 
he is assuredly not of them. No one is less disposed to think lightly of the 
present dignity, or despairingly of the future hopes, of the only con- 
sciously intelligent denizen of this world. 

We are indeed told by those who assume authority in these matters, 
that the two sets of opinions are incompatible, and that the belief in the 
unity of origin of man and brutes involves the brutalization and degrada- 
tion of the former. But is this really so? Could not a sensible child confute 
by obvious arguments, the shallow rhetoricians who would force this 
conclusion upon us? Is it, indeed, true that the poet, or the philosopher, 
or the artist whose genius is the glory of his age, is degraded from his 
high estate by the undoubted historical probability, not to say cer- 
tainty, he is the direct descendant of some naked and bestial sav- 
age, whose intelligence was just suflBcient to make him a little more 
cunning than the fox, and by so much more dangerous than the tiger? 
Or is he bound to howl and grovel on all fours because of the wholly un- 
questionable fact, that he was once an egg, which no ordinary power of 
discrimination could distinguish from that of a dog? Or is the philanthro- 
pist, or the saint, to give up his endeavours to lead a noble life, because 
the simplest study of man’s nature reveals, at its foundations, all the 
selfish passions, and fierce appetites of the merest quadruped? Is mother 
love vile because a hen shows it, or fidelity base because dogs possess it? 

The C'ommoii sense of the mass of mankind will answer these ques- 
tions without a moment s hesitation. Healthy humanity, finding itself hard 
pressed to escape from real sin and degradation, will leave the brood- 
ing over speculative pollution to the cynics and the “righteous over- 


7. It is so rnre a plensiire for me to find Professor Owen's opinions in entire accordance 
with my own, that I cannot forlx'ar from quoting a paragraph which appeared in his 
essay “On the Characters, fitc., of the Class MammtUia, ’ in tlie Journal of the 
Proci'cdiniis of the Ijnnean Society of lAmdon for 1857, but is unaccountably 
omitted in tho “Reade Lecture” delivered l^efore the University of Cambridge two 
years later, which is otherwise nearly a repnnt of the paper in question. Prof. Ow'en 
writes: 

“Not being able to appreciate or conceive of the distinction between the ps^'chical 

E henomena of a Cliiinpanzee and of a BoschLsman or of an Aztec, with arrested 
rain growth, as lK‘iug of a nature so essential as to preclude a comparison lx*tween 
them, or as l)eing other than a difference of degree, I cannot shut my eye.s to the 
significanc'e of tliat all-jjervadinc similitude of stnicture — ever)^ tootli, every lx>ne, 
strictly homologous — ^which m^es the determination of the difference between 
Homo and PUhecus the anatomist's difficulty " 

Surely it is a little singular, that the ‘ anatomist who finds it ‘'difficult” to deter- 
mine “the difference” lietween Homo and PUhecus, should yet range them on 
anatomical grounds, in distinct sub-classes. 
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much” who, disagreeing in everything else, unite in blind insensibility to 
the nobleness of the visible world, and in inability to appreciate the 
grandeur of the place man occupies therein. 

Nay more, thoughtful men, once escaped from the blinding influences 
of traditional prejudice, will find in the lowly stock whence man has 
sprung, the best evidence of the splendour of his capacities; and will 
disc'em in his long progress tlirough the past, a reasonable ground of faith 
in his attainment of a nobler future. 

They will remember that in a^mparing civilized man with the animal 
world, one is as the Alpine traveller, who sees the mountains soaring into 
the sky and can hardly discern where the deep shadowed crags and 
roseate peaks end, and where tlie clouds of heaven begin. Surely the 
awe-struck voyager may be excused if, at first, he refuses to believe 
the geologist, who teUs him that these glorious masses are, after all, 
the hardened mud of primeval seas, or the cooled slag of subterranean 
furnaces — of one substance with the dullest clay, but raised by inward 
forces to that place of proud and seemingly inaccessible glory. 

But tlie geologist is right; and due reflection on his teachings, instead of 
diminishing our reverenc*e and oiir wonder, adds all the force of intel- 
lectual sublimity to the mere aesthetic intuition of the uninstructed be- 
holder. 

And after passion and prejudice have died away, the same result will 
attend the teachings of tliQ naturalist resjx'cting tl)at great Alps and 
Andes of the living world — man. Our reverence for the nobility of man- 
hood will not be lessened by the knowledge that man is, in substance and 
in structure, one with tlie brutes; for, he alone possesses the marvel- 
lous endowment of intelligible and rational speech, whereby, in the 
secular period of his existence, he has slowly accumulated and organized 
the experience which is almost wholly lost with the cessation of every 
individual life in other animals; so that, now, he stands raised upon it as 
on a mountain top, far above the level of his humble fellows, and trans- 
figured from his grosser nature by reflecting, here and there, a ray from 
the infinite sourc'e of tnith. 


The foregoing is from a collection 
of Huxley's essays entitled 

man’s PLACJC in NAIURK AND OTHER ANlimOPOIXXUCJAL t:SSAVS. 



On a Piece of Chalk 


f 

I' 

-JlLf a well were to be sunk at our feet in the midst of the city of Nor- 
wich, the Jiggers would very soon find themselves at work in that white 
substance, almost too soft lo be called rock, with which we are all familiar 
as ‘'chalk.** 

Not orb' here, but over the w'hole country of Norfolk, the well-sinker 
might carr)' his shaft dowm many hundred feet without coming to the 
end of the chalk; and on the sea-(X)ast, where the waves have pared 
away the face of the land which breasts them, the scarped faces of the 
high cliffs are often wholly formed of the same material. Northw'ard the 
chalk may be followed as far as Yorkshire; on tlie south coast it appears 
abruptly in the picturesque western bays of Dorset, and breaks into the 
Needles of the Isle of Wiglit; while on the shores of Kent it supplies that 
long line of white cliffs to which England owes her name of Albion. Were 
the thin soil which covers it all washed away, a curved band of wiiite 
chalk, here broader and there narrow'er, might be followed diagonally 
across England from Lulw^orth in Dorset to Flamborough Head in York- 
shire — a distance of over 2S0 miles as the crow flies. From this band to 
the North Sea on the east, and the Channel on the south, llie chalk is 
largely hidden by other dc^posits; but except in the Weald of Kent and 
Sussex it enters into the very foundation of all the soutlieastern 
counties. 

Attaining, as it does in some places, a thickness of more than a thousand 
feet, the English chalk must be admitted to be a mass of considerable 
magnitude. Nevertheless it cx)vcrs bu^ an insignificant portion of the 
whole area occupied by the chalk formation of the glolx\ w'hich has 
precisely the sanie general characters as ours, and is found in detached 
patches, some less and others more extensive than the English, Chalk oc- 
curs in northwest Ireland; it stretches over a large part of France, the 
chalk which underlies Paris being, in fact, a continuation of that of tlie 
London ba.sin; nins through Denmark and Central Europe, and extends 
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southward to North Africa; while eastward it appears in the Crimea 
and in Syria, and may be traced as far as the shores of the Sea of Aral, 
in Central Asia. If all the points at which true chalk occurs were circum- 
scribed, they would lie within an irregular oval about 3,000 miles in long 
diameter — the area of which would be as great as that of Europe, and 
would many times exceed that of the largest existing inland sea, the 
Mediterranean. 

Thus the chalk is no unimportant clement in the masonry of the earth's 
crust, and it impresses a peculiar stamp, varying with the conditions to 
which it is exposed, on the scenery of the districts in which it occurs. 
The undulating downs and rounded coombs, covered with sweet-grassed 
turf, of our inland chalk country, have a peacefully domestic and miitton- 
suggesting prettiness, but can hardly be called either grand or beautiful. 
But on our southern coasts the wall-sided cliffs, many hundred feet high, 
with vast needles and pinnacles standing out in the sea, sharp and solitary 
enough to serve as perches for the wary connorant, confer a wonderful 
beauty and grandeur upon the chalk headlands. And in the East chalk 
has its share in the formation of some of the most venerable of mountain 
ranges, such as the Lebanon. 

What is this wide-spread component of the surface of the earth? and 
whence did it come? 

You may think this no very hopeful inquiry. You may not unnaturally 
suppose that the attempt to solve such problems as these can lead to 
no result save that of entangling the inquirer in vague specMilations, 
incapable of refutation and of verification. If such were really the case, 
I should have selected some other subject than “a piece of chalk” for 
my discoiuse. But in tnith, after much deliberation, I have been unable 
to think of any topic which would so well enable me to lead you to see 
how solid is the foundation upon which some of the most stiirtling con- 
clusions of physical science rest. 

A great chapter of the history of the world is written in the chalk. Few 
passages in the history of man can be supported by such an overwhelm- 
ing mass of direct and indirect evidence as that which testifies to the 
truth of the fragment of the history of the globe which I hope to enable 
you to read with your own eyes to-night. Let me add that few chapters 
of human history have a more profound significance for ourselves. I 
weigh my words well when I assert that the man who should know the 
true history of the bit of chalk which every carpenter carries about in his 
breeches-pocket, though ignorant of all other history, is likely, if he will 
think his knowledge out to its ultimate results, to have a truer and there- 
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fore a better conception of this wonderful universe, and of man's rela- 
tion to it, than the most learned student who is deep read in the records 
of humanity and ignorant of those of nature. 

Tlie language of tlie chalk is not hard to learn, not nearly so hard as 
Latin, if you only want to get at the broad features of the story it has to 
tell; and I propose that we now set to work to spell that story out to- 
gether. 

We all know that if we ‘'bum** chalk the result is quicklime. Chalk, in 
fact, is a a^mpound of carbonic acid gas and lime, and when you make 
it very hot the carbonic acid flics away and the lime is left. By this 
method of procedure we see the lime, but we do not see the carbonic 
acid. If, on the other hand, you were to powder a little chalk and drop it 
into a good deal of strong vinegar, there would be \ great bubbling and 
fi/zing, and, finally, a clear Uquid, in which no sign of chalk would ap- 
pear. Here you see the carbonic acid in the bubbles; the lime, dissolved 
in the vmegcu, vanishes from sight. There are a grt^at many other ways 
of showing that chalk is essentially notliing but carbonic acid and quick- 
lime. Chemists enunciate the result of all the experiments which prove 
this by stating that chalk is almost wholly composed of ‘"carbonate of 
hrne.’* 

It is desirable for us to start from the knowledge of this fact, though 
it may not seem to help us very far towards what we seek. For carbonate 
of lime is a widely-spread substance and is met with under very various 
conditions. All sorts of limestones are composed of more or less pure 
wnbonate of lime. The crust which is often deposited by waters which 
have drained through limc^stone rocks, in the form of what are called 
stalagmites and stalactites, is carbonate of lime. Or lo take a more familiar 
example, the fur on the inside of a tea-kettle is carbonate of lime; and 
for anything chemistry tells us to the contrary, the chalk might be a land 
of gigantic fur upon the bottom of the earth-kettle, which is kept pretty 
hot below. 

I.et us try another method of making tlie chalk tell us its own history. 
To the unassisted eye chalk looks simply like a very loose and open kind 
of stone. But it is possible to grind a slice of chalk down so thin that you 
can see through it — until it is thin enough, in fact, to be examined with 
any magnifying power that may be thought desirable. A thin slice of the 
fur of a kettle might be made in the same way. If it were examined 
microscopically, it would show itself to be a more or less distinctly 
laminated mineral substance, and nothing more. But the .slice of chalk 
presents a totally different appearance when placed under the micro- 
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scope. The general mass of it is made up of very minute granules; but 
imbedded in this matrix are innumerable bodies, some smaller and some 
larger, but on a rough average not more than a hundredth of an inch in 
diameter, having a well-defined shape and structure. A cubic inch of 
some specimens of chalk may contain hundreds of thousands of these 
bodies, compacted together with incalculable millions of the granules. 

The examination of a transparent slice gives a good notion of the man- 
ner in which the components of the chalk are arranged, and of their 
relative proportions. But by nibbing up some chalk with a bnish in water 
and then pouring ofiF the milky fluid, so as to obtain sediments of differ- 
ent degrees of fineness, tlie granules and the minute rounded bodies may 
be pretty well separated from one another, and submitted to microscopic 
examination, either as opaque or as transparent objects. By combining 
the views obtained in these various metliods, each of the rounded bodies 
may be proved to be a beautifully-constructed calcareous fabric, 
made up of a number of chambers communicating freely with one an- 
other. The chambered bodies are of various forms. One of the com- 
monest is something like a badly-grown raspberry, being formed of a num- 
ber of nearly globular chambers of different sizes congregated together. 
It is called Globigerina, and some specimens of chalk consist of little 
else than Globigerinae and granules. Let us fix our attention upon the 
Globigerina. It is the spoor of the game we are tracking. If we can Ic^am 
what it is and what are the. conditions of its existence, we shall see our 
way to the origin and past history of the chalk. 

A suggestion which may naturally enough present itself is that thc'se 
curious bodies are the result of some process of aggregation which has 
taken place in the carbonate of lime; that, just as in winter the rime 
on our windows simulates the most delicate and elegantly arborescent 
foliage — proving that the mere mineral, water, may under certain condi- 
tions assume the outward form of organic bodies — so this mincrjil sub- 
stance, carbonate of lime, hidden away in the bowels of the earth, has 
taken the shape of these chambered bodies. I am not raising a merely 
fanciful and unreal objection. Very learned men, in former days, have 
even entertained the notion that all the formed things found in rocks 
are of this nature; and if no such conception is at present held to be 
admissible, it is bec'ause long and varied experionc'c has now .shown that 
mineral matter never does assume the form and structure we find in fossils. 
If anyone were to try to per.suade you that an oyster-shell ( which is also 
chiefly composed of carbonate of lime) had crystallized out of sea- 
water, I suppose you would laugh at the absurdity. Your laughter would 
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be justified by the fact that all experience tends to show that oyster-shells 
are formed by the agency of oysters, and in no other way. And if there 
were no better reasons, should be justified, on like grounds, in believing 
that Globigerina is not the product of anything but vital activity. 

Happily, however, better evidence in proof of the organic nature of the 
Globigerinae than that of analogy is forthcoming. It so happens that 
calcareous skeletons, exactly similar to the Globigerinae of the chalk, are 
being formed at the present moment by minute living creatures, which 
flourish in multitudes literally more numerous than the sands of the 
sea-shore, over a large extent of that part of the earth's surface which is 
covered by tlie ocean. 

The history of the discovery of these living Globigerinae, and of the 
part which they play in rock-building, is singular enough. It is a discovery 
which, like otliers of no less scientific importance, has arisen incidentally, 
out of work devoted to very different and exceedingly practical interests. 
\Vlien men first took to the sea, they speedily learned to look out for 
shoals and rocks; and the more the burden of their sliips increased, the 
more imperatively necessary it became for sailors to ascertain with preci- 
sion the depth of the waters they traversed. Out of this necessity grew the 
use of the lead and sounding-line, and, ultimately, marine surv^eving, 
which is the recording of the form of coasts and of the depth of the sea, 
as ascertained by the sounding-lead, upon charts. At the same time it be- 
came desirable to ascertain and to indicate the nature of the sea- 
iKjtlom, since this circumstance greatly affects its goodness as holding- 
ground for anciiors. Some ingenious tar, whose nan»e deserves a better 
fate than the oblivion into which it has fallen, attained this object by 
‘‘arming” the bottom of the lead with a lump of grease, to wliich more or 
less of the sand or mud or broken shells, as the case might be, ad- 
liered, and was brought to the surface. But however W'ell adapted 
siK'h an apparatus might be for rough nautical purposes, scientific ac- 
curacy tx)uld not be expected from tlie armed lead; and to remedy its 
defects (especially when applied to sounding in great depths) Lieut, 
Brooke, of the American Navy, some years ago invented a most ingenious 
machine, by which a amsiderable poriion of the superficial layer of the 
sea-bottom can be scooped out and brought up from any depth to which 
the lead descends. In 1853, Lieut. Brooke obtained mud from tlie bottom 
of the North Atlantic, between Newfoundland and the Azores, at a 
depth of mor^ than io,o(^ feet, or two miles, by the help of this sounding 
apparatus. The specimens were sent for examination to Ehrenberg of 
Berlin, and to Bailey of West Point, and those able microscopists found 
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that this deep-sea mud was almost entirely composed of the skeletons of 
living organisms — the greater proportion of these being just like the 
Globigerinae already known to occur in the chalk. 

Thus far the work had been carried on simply in the interests of science, 
but Lieut. Brookes method of sounding acquired a high commercial 
value when the enterprise of laying down the telegraph cable between 
this country and the United States was undertaken; for it became a mat- 
ter of immense importance to know, not only the depth of the sea over 
the whole line ahmg which the cable was to be laid, but the exact 
nature of the bottom, so as to guard against chances of cutting or fraying 
the strands of that costly rope. The Admiralty consequently ordered 
Captain Dayman, an old friend and shipmate of mine, to ascertain the 
depth over the whole line of the cable and to bring back specimens of 
the bottom. In former days such a command as this might have sounded 
very much like one of the impossible things which the young prince in 
the fairy tales is ordered to do before he can obtain the hand of the 
princess. However, in the months of June and July, 1857, friend per- 
formed the task assigned to him, with great expedition and precision, 
without, so far as I know, having met with any reward of that kind. The 
specimens of Atlantic mud which he procured were sent to me to be 
examined and reported upon. 

The result of all these operations is that we know the contours and 
nature of the surface soil covered by the North Atlantic for a distance of 
1,700 miles from east to west, as well as we know that of any part of the 
dry land. It is a prodigious plain — one of the widest and most even 
plains in the world. If the sea were drained off, you might drive a wagon 
all the way from Valentia, on the west coast of Ireland, to Trinity Bay, 
in Newfoundland. And, except upon one sharp incline alxiut 200 miles 
from Valentia, I am not quite sure that it would even be nt'cessary to 
put the skid on, so gentle are the ascents and descents upon that long 
route. From Valentia the road would lie downhill for about 200 miles to 
the point at which the bottom is now covered by 1,700 fathoms of sea- 
water. Then would come the central plain, more than a thousand miles 
vidde, the inequalities of the surface of which would be hardly perceptible, 
though the depth of water upon it now varies from 10,000 to 15,000 
feet, and there are places in which Mont Blanc might be sunk without 
showing its peak above water. Beyond this the ascent on the American 
side commences, and gradually leads, for about 300 miles, to the New- 
foundland shore. 

Almost the whole of the bottom of this central plain (which extends 
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for many hundred miles in a north and south direction ) is covered by a 
fine mud, which, when brought to the siu-face, dries into a grayish-white 
friable substance. You can write with this on a blackboard, if you are so 
inclined; and to the eye it is quite like very soft grayish chalk. Examined 
chemically, it proves to be composed almost wholly of carbonate of 
lime; and if you make a section of it, in the same way as that of the piece 
of chalk was made, and view it with the microscope, it presents in- 
numerable Globigerinae embedded in a granular matrix. Thus this 
deep-sea mud is sul>stantially chalk. I say, substantially, because there 
arc a good many minor differences; but as these have no bearing on 
the question immediately before us — ^which is the nature of the Globig- 
erinae of the chalk — ^it is unnecessar)' to speak of them. 

Globigerinae of every size, from the smallest t j the largest, are as- 
sociated together in the Atlantic mud, and the chambers of many are 
filled by a soft animal matter. This soft substance is, in fact, the remains 
of the creature to which the Globigerina sheik or rather skeleton, owes 
its existence — and which is an animal of the simplest imaginable descrip- 
tion. It is, in fact, a mere particle of living jelly, without defined parts 
of any kind — without a mouth, nerves, muscles, or distinct organs, and 
only manifesting its vitality to ordinary observation by thrusting out and 
retracting from all parts of its surface long filamentous processes, which 
serve for arms and legs. Yet this amorphous particle, devoid of everything 
wiiich, in the higher animals w^e call organs, is capable of feeding, grow- 
ing, and multiplying, of separating from the ocean the small proportion 
of carbonate of lime which is di.ssolvt'd in sea-water, and of building up 
that substance into a skeleton for itself, according to a pattern which 
can be imitated by no other known agency. 

The notion that animals can live and flourish in the sea, at the vast 
depths from w^hich apparently living Globigerinae have been brought up, 
does not agree very well with our usual conceptions respecting the condi- 
tions of animal life; and it is not so absolutely impossible as it might at 
first sight appear to be that the Globigerinae of the Atlantic sea-bottom 
do not live and die whtTe they are found. 

As I have mentioned, the soundings from the great Atlantic plain are 
almost entir(‘ly made up of Globigerinae, with the granules which have 
been mentioned, and some few other calcareous shells; but a small per- 
centage of the chalky mud — perhaps at most some five per cent of it 
— is of a different nature, and consists of shells and skeletons composed 
of silex, or pine flint. These silicious bodies belong partly to those lowdy 
vegetable organisms which are called Diatomaceae, and partly to those 
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minute and extremely simple animals termed Radiolariae. It is quite cer- 
tain that these creatiu-es do not live at the bottom of the ocean, but at its 
siu-face— where they may be obtained in prodigious numbers by the use 
of a properly constructed net. Hence it follows that these silicious or- 
ganisms, though they are not heavier tlian the lightest dust, must 
have fallen, in some cases, through fifteen thousand feet of water, before 
they reached their final resting-place on the ocean floor. And considering 
how large a surface these bodies expose in proportion to their weight, 
it is probable that they occupy a great length of time in making their 
burial journey from the surface of the Atlantic to the bottom. 

But if the Radiolariae and diatoms are thus rained upon the bottom of 
the sea, from the superficial layer of its waters in which tliey pass their 
lives, it is obviously possible that the Globigerinae may be similarly 
derived; and if tliey were so, it would be much more easy to understand 
how they obtain their supply of food than it is at present. Neverthek'ss 
the positive and negative evidence all points the other way. The 
skeletons of the full-grown, deep-sea Globigerinae are so remarkably 
solid and ht^avy in proportion to their surface as to seem little fitted for 
floating; and as a matter of fact they are not to be found along with 
the diatoms and Radiolariae in the uppermost stratum of the open ocean. 
It has been observed, again, that the abundance of Globigerinae, in pro- 
portion to other organisms of like kind, increases with the depth of the 
sea, and that deep-water Globigerinae are larger than those wliich live in 
shallower parts of the sea; and such facts negative the supposition that 
these organisms have been swept by currents from the shallows into the 
deeps of the Atlantic. It therefore seems to be hiirdly doubtful that these 
wonderful creatures live and die at the deptlis in which they arc 
found. 

However, the important points for us are that the living Globigerinae 
are exclusively marine animals, the skeletons of which abound at the 
liottorn of deep seas, and that there is not a shadow of reason for believ- 
ing that the habits of the Globigerinae of the chalk differed from those of 
the existing species. But if this be true, there is no escaping the con- 
clusion that the chalk itself is the dric^d mud of an ancient deep sea. 

In working over the soundings collected by Captain Daydnian, I was 
surprised to find that many of what I have called the “granules" of that 
mud were not, as one might have been tempted to tliink at first, the mere 
powder and waste of Globigerinae, but that they had a definite form 
and size. I termed these bodies “coccoliths," and doubted their organic 
nature. Dr. Wallich verified my olrscrvalion, and added the interesting 
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discovery that not iinfrequently bodies similar to these coccoliths were 
together into spheroids, which he termed “coccospheres.” So 
far as we knew, tlicse bodies, the nature of which is extremely puzzling 
and problematical, were peculiar to the Atlantic soundings. But a few 
years ago Mr. Sorby, in making a careful examination of the chalk by 
means of thin sections and otherwise, observed, as Ehrenberg had done 
before him, that much of its granular basis possesses a definite form. 
Comparing these formed particles with those in the Atlantic soundings, 
he found the two to be identical, and thus proved that the chalk, like 
the soundings, contains these mysterious coccolitlis and coccospheres. 
Here was a further and a most interesting C'onfirmation, from internal 
evidence, of the essential identity of the chalk with modem deep-sea 
mud. Globigerinae, coccoliths, and coccospheres aie found as the chief 
constituents of both and testify to the general similarity of the conditions 
under which both have been formed. 

llie evidence furnished by the hewing, facing, and superposition of 
the stones of the Pyramids that these structures were built by men has no 
greater weight than the evidence that the chalk was built by Globig- 
(Tinae; and (he belief that tJiose ancient pyramid-builders were terrestrial 
and air-breathing creatures like ourselves is not better based than the 
conviction that tlie chalk-makers lived in the sea. But as our belief in the 
building of the Pyramids bv men is not only grounded on the internal 
evidence allordcd by these structures, but gathers strength from multi- 
tudinous collateral proofs and is clinched by the total absence of any 
reason for a contraiy^ belief, so the e\ddence drawn fiom the Globig- 
erinae tliat the chalk is an ancient sea-bottom is fortified by innumerable 
independent lines of evidence; and our belief in tfie truth of the conclu- 
sion to which all positive testimony tends receives tlie like negative justi- 
fication from the fact that no other h)3)othesis has a shadow of founda- 
tion. 

It may be worth while briefly to consider a few of these collateral 
proofs that the chalk was deposited at the bottom of the sea. The great 
mass of the chalk is composed, as we have seen, of the skeletons of 
Globigerinae and other simple organisms, imbedded in granuhir matter. 
Here and there, however, this hardencxi mud of the ancient sea reveals 
the remains of higher animals which have lived and died and left their 
hard parts in the mud, just as the oysters die and leave tlieir shells be- 
hind them in the mud of the present seas. 

There are certain groups of animals at the present day which are 
newer found in fresh waters, being unable^ to live anywhere but in the 
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sea. Such arc the corals; those corallines which are called Polyzoa; those 
creatures which fabricate the lamp-shells, and are called Brachiopoda; 
the pearly Nautilus, and all animals allied to it; and all the forms of sea- 
urchins and star-fishes. Not only are all these creatures confined to salt 
water at the present day, but, so far as our records of the past go, the 
conditions of their existence have been the same; henc'e their occurrence 
in any deposit is as strong evidence as can be obtained that that deposit 
was formed in the sea. Now, the remains of animals of all the kinds 
which have been enumerated occur in the chalk, in greater or less 
abundance, while not one of those forms of shell-fish which are charac- 
teristic of fresh water has yet been observed in it. 

When we consider that the remains of more than three thousand dis- 
tinct species of aquatic animals have betm discovered among the fossils 
of the chalk, that the great majority of them are of such forms as are now 
met with only in the sea, and that there is no reason to belic'vc" that any 
one of them inhabited fresh water, the collateral evidence that th(‘ chalk 
represents an ancient sea-bottom acquires as great force as the proof 
derived from the nature of the chalk itself. I think you will now allow 
that I did not overstate my case wlum I asserted that we have as strong 
grounds for believing that all the vast area of dry land at present 
occupied by the chalk was once at the bottom of the sea as vve have for 
any matter of history whatever; while there is no justification for 
any other belief. 

No less certain is it that the time during which the countries wi* now 
call southeast England, France, Gennany, Poland, Russia, Egypt, Ar.ihia, 
Syria were more or less completely covered by a deep sea was of con- 
siderable duration. We have already seen that the chalk is in place's more 
than a thousand feet thick. I think you will agree with me that it must 
have taken some time for the skeletons of animalculae of a hundredth 
of an inch in diameter to heap up such a mass as that. I have said that 
throughout the thickness of the chalk the remains of other animals are 
scattered. These remains are often in the most exquisite state of 
pre.servation. The valves of the shell-fishes are commonly adlierent; the 
long spines of some of the sea-urchins, w'hich would be detacjied by the 
smallest jar, often remain in their places. In a word, it is cc'rtain that 
the.se animals have lived and died when the plac'e which they now 
occupy was the surfac’e of as much of the chalk as had then been cle- 
posit(*d, and that each has beem covered up by the layer of Globigerina 
mud, upon which the creatures imbc'clded a little higher up have in 
like manner lived and died. But som'j of thc^se remains prove the existence 



ON A PIECE OF CHALK 21$ 

of reptiles of vast size in the chalk sea. These lived their time, and had 
their ancestors and descendants, which assuredly implies time, reptiles 
being of slow growth. 

There is more curious evidence, again, that the process of covering up, 
or in other words the deposit of Globigerina skeletons, did not go on 
very fast. It is demonstrable that an animal of the cretaceous sea might 
die, that its skeleton might lie uncovered upon the sea-bottom long 
enough to lose all its outward cov^ rings and appendages by putrefaction; 
and that, alter this had liappened, another animal might attach itself to 
the dead and naked skeleton, might grow to maturity, and might itself 
die before the calcareous mud had buried the whole. 

Cas(*s of this kind are admirably described by Sir Charles Lyell. He 
si>eaks of the frecjuency with which geologists find in the chalk a 
fossilized sea-urchin, to which is attached the lower valve of a Crania. 
This is a kind of shell-fish, with a shell c'omposed of two pieces, of which, 
as in the oyster, one is fixed and the other free. ‘The upper valve is al- 
most invariably wanting, though occasionally found in a perfect state of 
preservation in the white chalk at some distance. In this case we see 
clearly that the sea-urchin first lived from youth to age, then died and 
lost its spines, which were carried away. Then the young Crania adhered 
to tlie bared shell, grew and perished in its turn, after which the upper 
valve was separated from the lower before the Echinus became en- 
veloped in chalky mud.” 

A specimen in the Museum of Practical Geology, in London, still fur- 
ther prolongs the period which must have elapsed between the death 
of the sea-urchin and its burial by the Globigerinae. For the outward 
fact^ of the valve of a Crania, which is attached to a sea-urchin ( Micras- 
ter), is itself over-run by an incrusting coralline, which spreads thence 
over more or less of the surface of the sea-urchin. It follows that, after 
the upper valve of the Crania fell off, the surface of the attached valve 
must have remained expostxl long enough to allow of the gro>\i:h of 
the whole cx)ralline, since corallines do not live imbedded in mud. 

Tlie progress of knowledge may one day enable us to deduce from 
such facts as these the maximum rate at which the chalk can have ac- 
cumulated, and thus to arrive at the minimum duration of the chalk 
pt*riod. Suppose that the valve of the Crania upon w^hich a coralline 
has fixed itself, in the w^ay just described, is so attached to the sea- 
urchin that no part of it is more than an inch above the face upon 
which the sea-urchin rests. Then, as the coralline cxuild not have fixed 
itself if the Crania had been covere<l up with chalk mud, and could not 
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have lived had itself been so covered, it follows that an inch of chalk 
mud could not have accumulated within the time between the death 
and decay of the soft parts of the sea-urchin and the growth of the 
coralline to the full size wliich it has attained. If the decay of the soft 
parts of the sea-urchin, the attachment, growth to maturity, and decay 
of the Crania, and the subsequent attachment and growth of the coral- 
line took a year ( which is a low estimate enough ) , the accumulation of the 
inch of chalk must have taken more than a year; and the deposit of a 
thousand feet of chalk must a^nsequently have taken more than twelve 
thousand years. The foundation of all this calculation is of course a 
knowledge of the length of time the Crania and the coralline needed to 
attain their full size; and on this head precise knowledge is at present 
wanting. But there are circumstances which tend to show that nothing 
like an inch of chalk has accumulated during the life of a Crania; and on 
any probable estimate of the length of that life tlie chalk pcTiod must 
have had a much longer duration than that thus roughly assigned to it. 

Thus not only is it certain that the chalk is the mud of an ancient sea- 
bottom, but it is no less certain that the chalk sea existed during an 
extremely long period, though we may not be prepared to give a prcx:ise 
estimate of the length of that period in years. The relative duration is 
clear, though the absolute duration may not be definable. The attempt 
to aiBBx any precise date to the period at which the chalk sea began or 
ended its existence is baffled by difficulties of the same kind. But the 
relative age of the cretaceous epoch may be determined with as great 
ease and certainty as the long duration of that epoch. 

You will have heard of the interesting discoveries, recently made in 
various parts of Western Europe, of flint implements obviously worked 
into shape by human hands, under circumstances which show con- 
clusively that man is a very ancient denizen of these regions. It has 
been proved that the old populations of Europe whose existence has 
been revealed to us in this way, consisted of savages, such as the 
Esquimaux are now; that in the country which is now Prance they 
hunted the reindeer, and were familiar with the ways of the mammoth 
and the bison. The physical geography of France was in those days 
different from wliat it is now — the river Somme, for instance, having cut 
its bed a hundred feet deeper between that time and this; and it is 
probable that the climate was more like that of Canada or Siberia than 
that of Western Europe. 

The existence of these people is forgotten even in the traditions of 
the oldest historical nations. The name and fame of them had utterly 
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vanished until a few years back; and the amount of physical change 
which has been effected since their day renders it more than probable 
that, venerable as are some of the historical nations, the workers of the 
chipped flints of Hoxne or of Amiens are to them as they are to us in 
point of antiquity. But if we assign to these hoar replies of long vanished 
generations of men the greatest age that c‘an possibly be claiminl for 
them, they are not older than the drift or boulder-clay, which in compari- 
son with th(‘ chalk is but a very juvenile deposit. Yon need go no further 
than your own seaboard for evidence of this fact. At one of the most 
charming spots on the coast of Norfolk, Cromer, you will see the boulder- 
clay fonning a vast mass, which lies upon the chalk and must coase- 
qucntly have come into existence after it. Huge boulders of chalk are in 
fact included in the clay, and have evidently been brought to the posi- 
tion they now occupy by the same agency as that which has planted 
blocks of syenite from Norw'av side by side with them. 

The chaiK, then, is certainly older than the lx)ulder-clay. If vou ask 
how much, I will again take \ou no further than the same spot upon 
your own coasts for evidence'. I have spoken of tlie boulder-clay and drift 
as resting iipem the chalk. That is not strictly true. Interposed between the 
chalk and the drift is a coinparatiN^ely insignificant layer, containing 
vegetable matter. But that layer tells a wonderful history. It is full of 
stumps of trees standing as they grew. Fir-trees are there with their 
cones, and ha/el-bushes with their mits; there stand the stcx>ls of oak- and 
yew-hees, beeches and alders. Hence this stratum is appropriately called 
tlie "‘forest-becl.” 

It is obvious that the chalk must have been upheaved and converted 
into dry land before the timber trees could grow upon it. As the boles of 
some of these trees are from two to three feet in diameter, it is no Ic'ss 
clear that the dry land thus formed remained in the same conditions for 
long ages. And not only do the remains of stately oaks and well-growm 
firs testify to the duration of this condition of things, but additional evi- 
dence to the same effect is afforded by the abundant remains of ele- 
phants, rhinoceroses, hippopotamuses, and other great wild beasts, which 
it has yielded to the zealous search of such men as the Rev. Mr. Gunn. 
When you look at such a collection as he has formed, and bethink you 
that tht>se elephantine bones did veritably carry their owmers about, 
and these great grinders crunch, in the dark woods of which the 
forest-bed is now the only trac'e, it is impossible not to feel that they are 
as giX)d evidenc'e of the lapse of time as the annual rings of the tree 
stumps. 
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Thus there is a writing upon the wall of cliflFs at Cromer, and whoso 
runs may read it. It tells us, with an authority which cannot be im- 
peached, that the ancient sea-bed of the chalk sea was raised up, and 
remained dry land until it was covered with forest stocked with the great 
game, the spoils of which have rejoiced your geologists. How long it 
remained in that condition cannot be said; but “the whirligig of time 
brought its revenges” in those days as in these. That dry land, with the 
bones and teeth of generations of long-lived elephants, hidden away 
among the gnarled roots and dried leaves of its ancient trees, sank 
gradually to the bottom of the icy sea, which covered it with huge 
masses of drift and boulder-clay. Sea-beasts, such as the walrus, now 
restricted to the extreme north, paddled about where birds had twittered 
among the topmost twigs of the fir-trees. How long this state of things 
endiu*ed we know not, but at length it came to an end. The upheaved 
glacial mud hardened into the soil of modem Norfolk. Forests grew once 
more, the wolf and the beaver replaced the reindeer and the elephant; 
and at length what we call the history of England dawned. 

Thus you have, within the limits of your own country, proof that the 
chalk can justly claim a very much greater antiquity than even the old- 
est physical traces of mankind. But we may go further and demonstrate, 
by evidence of the same authority as that which testifies to the existence 
of the father of men, that the chalk is vastly older than Adam himself. 
The Book of Genesis informs us that Adam, immediately upon his crea- 
tion and before the appearance of Eve, was placed in the Garden of 
Eden. The problem of the geographical position of Eden has greatly 
vexed the spirits of the learned in such matters; but there is one point 
respecting which, so far as I know, no commentator has ever raised a 
doubt. This is that, of the four rivers which are said to mn out of it, 
Euphrates and Hiddekel are identical with the rivers now known by the 
names of Euphrates and Tigris. But the whole country in which these 
mighty rivers take their origin, and through which they nin, is com- 
posed of rocks which are either of the same age as the chalk or of later 
date. So that the chalk must not only have been formed, but after its 
formation the time required for the deposit of these later rdeks and for 
their upheaval into dry land must have elapsed, before the smallest brook 
which feeds the swift stream of “the great river, the river of Babylon,” 
began to flow. 

Thus evidence which cannot be rebutted and which need not be 
strengthened, though if time permitted I might indefinitely increase its 
quantity, compels you to believe ♦^hat the earth, from the time of the 
chalk to the present day, has been the theatre of a series of changes as 
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vast in their amount as they were slow in their progress. The area on 
which we stand has been first sea and then land, for at least foiir alterna- 
tions, and has remained in each of these conditions for a period of great 
length. Nor have these wonderful metamorphoses of sea into land and 
of land into sea been confined to one comer of England. During the 
chalk period, or ‘'cTclaccous epoch,” not one of the present great physi- 
cal features of the globe was in existence. Our great mountain ranges, 
Pyrenees, Alps, Himalayas, Andes, have all been upheaved since the 
chalk was deposited and the cretaceous sea flowed over the sites of 
Sinai and Ararat. All this is certain, because rocks of cretaceous or still 
later date have shared in the elevatory movements which gave rise to 
flu'se mountain chains, and may be found perched up, in some cases, 
many thousand feet high upon their flanks. And evidence of equal 
cogency demonstrates that, though in Norfolk the forest-bed rests di- 
r(^ctly upon the chalk, yet it does so, not because the period at which 
the forest gievv immediately followed that at which the chalk was 
fornu'd, but because an immense lapse of lime, represented elsewhere 
by thousands of feet of rock, is not indicated at Cromer. 

I must ask you to behove that there is no less conclusive proof that a 
still rnon' prohmged succession of similar changes occurred before the 
(halk was deposited. Nor have we any reason to think that the first term 
in the series of these changes is known. The oldest sea-beds preserved 
to us are sands and mud and pebbles, the wear and tear of rocks which 
were formed in still older oceans. 

But great as is the magnitude of these physical changes of the world, 
they have been accompanied by a no less striking series of modifications 
in its living inhabitants. All the great classes of animals, beasts of the 
field, fowls of the air, creeping things, and things which dwell in the 
waters, flourished upon the glolie long ages before the chalk was de- 
posited. Very' few, however, if any, of these ancient forms of animal life 
were identical with those which now live. Certainly not one of the higher 
animals was of the same siwci(‘s as any of those now in existence. The 
b(*asts of the field, in the days before the chalk, were not our beasts of the 
field, nor the fowls of the air such as those which the eye of man has 
seen flying, unless his antiquity dates infinitely further back than we at 
present surmise. If we could be carried back into those times, we should 
be as one suddenly set down in Australia before it was coloni/ed. We 
should see mammals, birds, reptiles, fishes, insects, snails, and the like, 
clearly recognizable as such, and yet not one of them would be just the 
same as those with which we are familiar, and many w^uld be ejctremely 
difiFerent. 
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From that time to the present the population of the world has under- 
gone slow and gradual but incessant changes. There has been no grand 
catastrophe — no destroyer has swept away the forms of life of one period 
and replaced them by a totally new creation; but one sp^'cies has 
vanished, and another has taken its place; creattires of one type of struc- 
ture have diminished, those of another have increased, as time has passed 
on. And thus, while the differences between the living creatures of tlie 
time before the chalk, and those of the present day, appear startling if 
placed side by side, we are led from one to the other by the most gradual 
progress, if we follow the course of Nature through the whole series 
of those relics of her operations which she has left behind. And it is by 
the population of the chalk sea that the ancient and the modem inhabit- 
ants of the world are most completely connected. The groups whicli are 
dying out flourish side by side with the groups which aie now the 
dominant forms of life. Thus the chalk contains remains of those strange 
flying and sw'imining reptiles, the pterodactyl, the Ichthyosaurus, and 
the Plesiosaurus, which are found in no later deposits but abounded in 
preceding ages. The chambered shells called ammonites and belemniles, 
which are so characteristic of the period preceding the cretaceous, in like 
manner die with it. 

But amongst these fading remainders of a pre\dous state, of things arc 
some very modem forms of life, looking like Yankee pedlars among a 
tribe of Red Indians. Crocodiles of modem type appear; bony fishes, 
many of them very similar to existing species, almost supplant the femns 
of fish wliich predominate in more ancient seas; and many kinds of 
living shell-fish first became knovm to us in the chalk. Tlie vegetation 
acquires a modem aspect. A few living animals are not even distinguish- 
able, as species, from those which existed at that remote epoch. The 
Globigerina of the present day, for example, is not different spc'cifically 
from that of the chalk; and the same may be said of many other Fora- 
miniferae. I think it probable that critical and unprejudiced examination 
will show that more than one species of much higher animals have had 
a similar longevity; but the only example which I can at present give 
confidently is the snake’s-head lamp-shell (Terebrafulina c0put serpen- 
tis)y which lives in our English seas, and abounded (as Terelyratulina 
striata of authors) in the chalk. The longest line of human ancestry 
must hide its diminished head before the pedigree of this Insignificant 
shell-fish. We Englishmen are proud to have an ancestor who was present 
at the Battle of Hastings. The ancestors of Terebratulina caput serpentis 
may have been present at a battle of Ichthyosauriae in that part of the 
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sea which, when the chalk was forming, flowed over the site of Hastings. 
While all around has changed, this T erebratulina has peacefully propa- 
gated its species from generation to generation, and stands to this day 
iis a living testimony to the continuity of the present with the past history 
of the globe. 

Up to this moment I have stated, so far as I know, nothing but well- 
authenticated facts and the immediate conclusions which they force 
upon the mind. But the mind is so constituted that it does not willingly 
rest in facts and immediate causes, but seeks always after a knowledge 
of the remoter links in the chain of causation. Taking the many changes 
of any given spot of the earth's surface, from sea to land and from land 
to sea, as an established fact, we cannot refrain from asking ourselves 
how these changes have occurred. And when we have explained them 
— as they must be explained — by the alternate slow movements of 
elevation and depression which have affected the crust of the earth, we 
go still further back and ask, Wliy these movements? 

I am not certain that any one can give you a satisfactory answer to 
that question. Assuredly I cannot. All that can be said, for certain, is tliat 
such movements are part of the ordiniury course of nature, inasmuch as 
th(‘y are going on at the present time. Direct proof may be given that 
some parts of the land of the northern hemispher(j are at this moment 
insensibly rising and others insensibly sinking; and there is indirect but 
perfec'tly satisfactory proof tluit an enormous area now a^vered by the 
Pacific has l>een deepened thousands of feet since the present inhabitants 
of that sea carnt* into existence. Tims there is not a shadow of a reason for 
Ixdieving that the physical changes of the globe in past times have 
lK'<'n eff(x:ted by other than natural causes. Is there any more reason 
for believing that the concomitant modifications in the forms of the 
living inhabitants of the globe have been brought about in other ways? 

Before attempting to answer this question let us try to form a distinct 
mental picture of what has happened in some special case. The crocodiles 
are animals which, as a group, have a ver\^ vast antiquity. They abounded 
ages before the chalk was deposited; they throng the rivers in warm 
climates at the present day. There is a difference in the form of the 
joints of tlie backbone, and in some minor particulars, between the 
croc'odile of the present epoch imd those which lived before the chalk; 
but in the cretaceous ejx)ch, as I have already mentioned, the crocodiles 
had assumed the modem tyjie of structure. Notwithstanding this the 
crocodiles of the chalk are not identically the same as those which lived 
in the times called ‘"older tertiary ” which succeeded the cretaewus 
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epoch; and the crocodiles of the older tertiaries are not identical with 
those of the newer tertiaries, nor are these identical with existing forms. 
( I leave open the question whether particular species may have lived on 
from epoch to epoch.) Thus each epoch has had its peculiar croa)diles, 
though all, since the chalk, have belonged to the modem type, and dif- 
fer simply in their proportions and in such structural particulars as are 
discernible only to trained eyes. 

How is the existence of this long succession of different species of 
crocodiles to be accounted for? Only two suppositions seem to be open 
to us — either each species of crocodile has been specially created, or it 
has arisen out of some pre-existing form by the operation of natural causes. 
Choose your hypothesis; I have chosen mine. I can find no warranty for 
believing in the distinct creation of a score of successive species of croco- 
diles in the course of countless ages of time. Science gives no (X)untenance 
to such a wild fancy; nor can even the pei^^erse ingenuity of a commen- 
tator pretend to discover this sense in the simple words in which the 
writer of Genesis records the proceedings of the fifth and sixth days of 
the Creation. On the other hand I see no good reason ior doubting 
the necessary alternative that all these varied species have been 
evolved from pre-existing crocodilian forms by the operation of causes as 
completely a part of the common order of nature as those which have 
effected the changes of the inorganic world. Few will venture to affirm 
that the reasoning which* applies to crocodiles loses its force among 
other animals or among plants. If one series of species has come into 
existence by the operation of natural causes, it seems folly to deny that 
all may have arisen in the same way. 

A small beginning has led us to a great ending If I were to put the bit 
of chalk with wliich we started, into the hot but obscure flame of burning 
hydrogen, it would presently shine like the sun. It seems to me that this 
physical metamoq>hosis is no false image of w^hat has been the result of 
our subjecting it to a jet of fervent though nowise brilliant thought to- 
night. It has become luminous; and its clear rays, penetrating the abyss 
of the remote past, have brought within our ken some stages 6f the evolu- 
tion of the earth, and in the shifting, ‘Vithout haste but without rest,*' of 
the land and sea, as in the endless variation of the forms assumed by 
living beings, we have observed nothing but the natural product of the 
forc'es originally possessed by tlie substance of the universe. 
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X rands Galton was bom near Birmingham, England, in 1822. He 
was educated at London and Cambridge; for a time he thought 
he would 1 e doctor, but soon decided to devote himself to science, 
fie traveled to Africa and Spain and added to the geographical and 
anthropological knowledge of those areas. He was made a member 
of the Royal Society in 1856; the following year he settled in Lon- 
don and began his life’s work on eugenics (a word he invented). 
He did research also on the weather, inventing the word anticyclone 
and doing work that led to the modern weather map. He discovered 
that fingerprints are unique to the person and pointed out their 
usefulness in the .solution of crimes. He developed the composite 
photograph. In his work on eugenics and human heredity he in- 
vented many methods that are now commonplace. Among them 
were the questionnaire, various apparatus for measuring sensations, 
and a method of correlating statistical information tliat is still used. 

He was the first “anthropometrist” — that is, man-measurer. He did 
not oidy measure man. He tried to measure things that no one 
thought could be measured, and succeeded in many cases. Thus a 
remarkably large number of branches of modem science stein from 
him. 

Ilereclilary Genius, from which the following selection is taken, 
was published in 1869. It is his mo"-^ famous book. Second to it, 
among many publications, is Imjuiries into Ilumwi Faculty and 
Its Development, which appeared in 1883. He was knighted in 1909, 
and he died on January 17, 1911. In 1904, he had founded a eugenics 
laboratory in London and endowed it with forty thousand pounds. 

Since the support for the tliesis of Hereditary Genius is that 
eminent men tend to be related by blood, it should be noted 
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tliat Galton was the grandson of tlie poet-naturalist Erasmus 
Darwin, and thus the cousin of Charles Darwin. Descendants of the 
two men are among the leading scientists of oiur day. 

I propose to show,” says Galton, “that a man’s natural abilities 
are derived by inheritance, under exactly the same limitations as 
are the fonn and physical features of the whole organic world.” And 
he concludes; “1 feel convinced that no man can achieve a very high 
reputation without being gifted with very high abilities; and I trust 
that reason has been given for the belief, tliat few wlio possess 
these very high abilities can fail in acliieving eminence.” These 
statements, and otlicrs like them in Gabon’s work, helped to gen- 
erate several hotly argued modem controversies. 

The first statement raises tlie question whether abilities are in- 
herited or acquired; whether, that is, it is nature or nurture that de- 
termines the intelligence and talents tliat human beings have. 
Galton is clearly on the side of nature in this dispute; it is not, 
therefore, surprising that he has been accused of underestimating 
the role of environment in individual development. It is equally 
clear that both sides can be supported by plausible, ^f not finally 
c-onvincing, arguments, and the reader might undertake, as an in- 
teresting exercise, tlie refutation of Galton’s position as expressed 
in tlie following selection. But he should at the same time recognize 
tliat Galton’s arguments are succinct and carefully marshalled. In 
particular, he should realize that Galton is admitting that circum- 
stances can bring out in ordinary men talents and attributes that 
would otherwise not be visible. But it is impossible, Galton is also 
saying, to make a silk purse out of a sow’s ear. The very greatest 
men of all, he insists, do not, and apparently cannot, spring from 
absolutely ordinary backgrounds. 

Another question rai.sed by Galton is whether genius often goes 
unnoted by the world. lie admits that it may sometimes hapjren 


Notes from the arlUt; “A profile portrait of Galton, 
with a backgrourul figure suggesting hU theory of eugenics. 
The fenuile figure with the child is from a plate hy Julius Casserius, 
'in Italian anaUnnist of the sixteenth century.'* 
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that the extremely talented human being fails to achieve eminence. 
But the poet Gray’s famous dictum — that 

Full many a flower is born to blush unseen, 

And waste its sweetness on the desert air — 

that would seem to be pretty emphatically denied by Galton. Again, 
as in the nature-nurture argument, it would be clifBcult to prove the 
proposition either way. Galton cannot prove that the highly talented 
never fail to achieve distinction; on the other hand, it is almost im- 
possible to give convincing examples of persons possessing great 
talents who failed to achieve it. 

Though it may be impossible to make a final decision between 
the two positions, there may be more wisdom in taking Gallon’s 
than its opposite. The idea that genius can exist without recognition 
is so prone to an obvious kind of abuse — one may, for example, apply 
it to oneself — that it seems suspect. In the long run it may be more 
prudent to assume that the world is, after all, the best judge, and if 
a man does not attain its applause — though this may come after his 
death — then he never was worthy of it. 

Other issues are touched upon by Gallon’s book. For example, he 
suggests that the honors examination in mathematics at Cambridge 
is a pretty fair gauge of abilities of all kinds, not only the mathe- 
matical. TTiis assertion, which is also made by some modem framers 
of tests and examinations,' has been hotly disputed — especially by 
the nonmathematical. But aside from the many controversial posi- 
tions expressed in the selection, the reader will probably feel that 
not the least fascinating portions of it deal simply with the achieve- 
ments of extraordinary human beings. 



The Classification of 
Human Ability 

from Her editary Genius 

^ propose to show in this book that a man’s natural abilities are de- 
rived b) li^ance, under exactly the same limitations as are the form 
and physical features of the whole organic world. Consequently, as it is 
easy, notwithstanding those limitations, to obtain by careful selection a 
permanent breed of dogs or horses gifted with peculiar powers of nmning, 
or of doing anything else, so it would be quite practicable to produce 
a highly gifted race of men by judicious marriages during several con- 
secutive generations. I shall show that social agencies of an ordinary 
character, whose influences arc little suspected, are at this moment work- 
ing towards the degradation of human nature, and that others are work- 
ing towards its improvement. 1 conclude that each generation has enor- 
mous power over the natural gifts of those that follow, and maintain that 
it is a duty we owe to humanity to investigate the range of that power, 
and to exercise it in a way that, without being unwise towards our- 
selves, shall be most advantageous to future inhabitants of the earth. 

I am aware that my views, which were first published four years ago 
in Macmillans Magazine (in June and August 1865), ciie in contradiction 
to general opinion; but the arguments I then used have been since ac- 
cepted, to my great gratification, by many of the highest authorities on 
heredity. In reproducing them, as I now do, in a much more elaborate 
form, and on a greatly enlarged basis induction, I feel assured that, 
inasmuch as what I then wrote was sufficient to eani the acceptance of 
Mr. Darwin (’‘Domestication of Plants and Animals,” ii, 7), the increased 
amount of evidence submitted in the present volume is not likely to be 
gainsaid. 
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The general plan of my argument is to show that high reputation is a 
pretty accurate test of Iiigh ability; next to discuss the relationships of a 
large body of fairly eminent men — namely, the judges of England from 
1660 to 1868, the statesmen of the time of George III, and the premiers 
during the last 100 years — and to obtain from these a general survey of 
the laws of heredity in respect to genius. Then I shall examine, in order, 
the kindred of the most illustrious commanders, men of literature and of 
science, poets, painters, and musicians, of whom history speaks. 1 shall 
also discuss the kindred of a certain selection of dh/int^ and of modern 
scholars. Then will follow a short chapter, by way of c'omparison, on the 
hereditary transmission of physical gifts, as deduced from the relalion- 
ships of certain classes of oarsmen and wrestlers. Lastly, I shall collate my 
results, and draw conclusions. 

It will be observed that I dt^al with more than one grade of ability. 
Tliose upon whom the greater part of my volume is occupied, and on 
whose kmsliips my argument is most securely based, have becm gcneially 
reputed as endowed by nature with extraordinary genius. There are so 
few of these men that, although they are scattered thioughout the 
whole historical period of human existence, their nin 7 il)cr does not 
amount to more than 400, and yet a considerable proportion of th(‘m will 
be found to be interrelated. 

Another grade of ability with which I deal is that which incliid(‘s 
numerous highly eminent, and all the illustrious nann^ of modem Eng- 
lish history, whose immediate descendants are living among ns, whose 
histories are popularly known, and whose relationships may readily be 
traced by the help of biographical dictionaries, peerages, and simihu* 
books of reference. 

A third and lower grade is that of the English judges, massed together 
as a whole, for the purpose of the prefatory statistical inquiry of which 
I have already spoken. No one doubts that many of the ablest intellects 
of our race are to be found among the judges, nevertheless the 
average ability of a judge cannot be rated as equal to that of the lower 
of the two grades I have described. 

I trust the reader will make allowance for a large and somewhat im- 
portant class of omissions I have felt myself c'orapelled to n|ake whe^n 
treating of the eminent men of modem days. I am prevented by a sense 
of docomm from quoting names of their relations in contemporary life 
who are not recognized as public characters, although their alrflilies may 
be highly appreciated in private life. Still less con.sistent with decorum 
would it have been to introduce the names of female r<‘lativc«i that stand 
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in the same category. My case is so overpoweringly strong that I am 
perfectly able to prove my point without having rec'ourse to this class of 
evidence. Nevertheless, the reader should bear in mind that it exists; 
an«l I beg he will do me the justice of allowing that I have not over- 
looked the whole of the evidence that does not appear in my pages. I am 
deeply conscious of the imperfection of my work, but my sins arc those of 
omission, not of c'ommission. Such errors as I may and must have 
made, wliich give a fictitious support to my arguments, are, I am confi- 
dent, out of all proportion fewer than such omissions of facts as would 
have helped to establish them. 

I have taken little notice in this book of modem men of eminence 
who are not Englisli, or at least well known to Englishmen. I feared, if I 
iiic liideil large class(‘s of foreigners, that I shouh’ make glaring errors, 
ft rtHjuires a very great deal of labour to hunt out relationships, even 
with the facilities afforded to a countryman having access to ptTsons 
acfjuainted with the various families; much more would it have been 
difficult to hunt out the kindred of foreigners. I should have especially 
liki'd to investigate the biographies of Italians and Jews, both of whom 
appear to be rich in families of high intellectual breeds. Germany and 
An»erica are also full of interest. It is a little less so with respect to France, 
where the Revolution and the guillotine made sad havoc among the 
progenv of her abler races. 

"iluTe is one advantage to a ( andid CTitic in my having k'ft so large a 
fi(dd untouched; it enables me to propose a test that any well-informed 
readt't* may easily adopt who doubts the fairness of my examples. He 
iriiiy most rt'asonably suspect that I have b(H>n unconsciously influenced 
by my theories to select men whose kindred wtre most favourable to 
their suppoit. If so, 1 beg he will test mv impartiality as follows: I-»et him 
take a do/en names of his own selection, as the most eminent in w^hatever 
profession and in whatever country he knows most alxiiit, and let 
him trace out for himself their relations. It is necessary, as I find by ex- 
pfTieiue, to take some pains to be sure that none, even of the immediate 
relatives, on either the male or female side, have been overlooked. 
If he d(H\s what I propose, I am t'onfident he will l>e astonished at the 
c'ompleleness with which the results will confirm iny theory. I venture to 
s|)eak with assurance', becau.se it has often occurred to me to propose tliis 
very t('st to incredulous friends, and invariably, so far as my memory 
serves me, as large a proportion of the men who were named were dis- 
covert'd to have eminent relations, as the nature of my views on heredity 
would have led me to expect. 
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CLASSIFICATION OF MEN ACCORDING TO 
THEIR REPUTATION 

The arguments by which I endeavour to prove that genius is liereditary 
consist in showing how large is the number of instances in which men 
who are more or less illustrious have eminent kinsiolk. It is necessary 
to have clear ideas on the two following matters before my arguments 
can be rightly appreciated. The first is the degree of selection implied 
by the words “eminent** and “illustrious.** Does “eminent** mean the fore- 
most in a hundred, in a thousand, or in wdiat other niimber of men? The 
second is the degree to which reputation may be accepted as a test of 
ability. 

It is essential that I, w'ho write, should have a minimum qualification 
distinctly before my eyes whenever I employ the phrases “eminent** and 
the like, and that the reader should understand as clearly as myself the 
value I attach to those qualifications. An explanation of thes(' words will 
be the subject of the present chapter. A subs('(|nent chapter will be 
given to the discussion of how far “eminence** may he accepted as a 
criterion of natural gifts. It is almost needless for me to insist that 
the subjects of these two chapters arc entirely distinct. 

I look upon social and professional life as a continuous examination. 
All are candidates for the good opinions of others, and for success in 
their several professions, and they achieve suc'cess in pro])ortion as the 
general estimate is large of their aggregate merits. In ordinary scholastic 
examinations marks are allotted in stated proportions to varioiis specified 
subjects — so many for Latin, so many for Greek, so many for Pmglish 
history, and the rest. The world, in the same way, but almost uncon- 
sciously, allots marks to men. It gives them for originality of conec^^tion, 
for enterprise, for activity and energy, for administrative skill, for various 
acquirements, for power of literary expression, for oratory, and much 
besides of general value, as well as fc^r more specially professional merits. 
It does not allot these marks acxx)rding to a proportion that can easily be 
stated in words, but there i.s a rough c'ommon-sense that governs its 
practice with a fair approximation to constancy. Tliose wlio luivc gained 
most of these tacit marks are ranked, by the common judgment of the 
leaders of opinion, as the foremost men of their day. 

The metaphor of an examination may be stretched much further. As 
there arc alternative groups in any one of which a candidate may obtain 
honours, so it is with reputations — they may be made in law, literature. 
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science, art, and in a host of other pursuits. Again, as the mere attainment 
of a general fair level will obtain no honours in an examination, no more 
will it do so in the struggle for eminence. A man must show con- 
spicuous power in at least one subject in order to achieve a high reputa- 
tion. 

Let us see how the world classifies people, after examining each of 
them, in her patient, persistent manner, during the years of their man- 
hood. How many men of “eminence” are there, and what proportion do 
tJiey bear to the whole community? 

I will begin by analysing a very painstaking biographical handbook, 
lately published by Routledge and Co., called “Men of the Time.” Its 
intention, which is very fairly and honestly carried out, is to include 
none but those whom the world honours for their ?*bility. The catalogue 
of names is 2,500, and a full half of it consists of American and Conti- 
nental celebrities. It is well I should giv'e in a foot-note ^ an analysis of its 
contents, m order to show the exhaustive chaiacter of its range. Tlie num- 
bers I have prefixed to each class are not strictly accurate, for I measured 
them off rathtT than counted them, but they are quite close enough. The 
same name often appears under more than one head. 

On looking over the book, I am surprised to find how large a propor- 
tion of the “Men of the Time” are past middle age. It appears that in the 
cases of high (but by no means in that of the highest) merit, a man must 
outlive the age of fifty to be sure of being widely appreciated. It takes 
time for an able man, born in the humbler ranks of hfe, to emerge from 
them and to take his natural position. It would not, therefore, be just to 
compare the numbers of Englishmen in the book with that of the whole 
adult male population of the British Isles; but it is necessary to confine 
our examination to those of the celebrities who are past fifty years of age, 
and to compare their number with that of the whole male population 
who are also alx)vc fifty years. I estimate, from examining a large part 

1. Contents of the '*DicHoi\anj of Men of the Time** Ed. 1865: 

O2 actors, Ningcis, danceis, etc.; 7 agriculhirlsts; 71 inMquaries, archaeologists, 
nnrnisiiiatists, e'tc.; 20 anhitects: 120 artists (painters and designers); 950 authors; 
400 divines; 43 engineers and mechanicians; 10 engravers; 140 lawyers, judges, 
barristers, .and legists; 94 medical practith.. rs, physicians, .siirgj'ons, and physi- 
ologists; 39 merchants, capitalists, manufacturers, and traders; 168 military officers; 
12 misct'lluneous; 7 moral and metaphysical philosophers, logicians; 32 musicians 
and cximposers; 67 naturalists, Ixitanists, zoologists, etc.; 36 naval officers; 40 
philologists and ethnologists; 60 ixH»ts (but also included in authors); 60 political 
and .social ec'onoinisis and philantliTopists; 154 men of science, a.stronomers. 
ch<*mists, geologists, mathematicians, etc.; 29 sculptors; 84 sovereigns, memliers of 
royal families, etc ; 376 siate^mcn, diplomatists, colonial governors, etc.; 76 travel- 
lers and gtx)graphcrs. 
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of the book, that there are about 850 of these men, and that 500 of them 
are decidedly well known to persons familiar with literary and scientific 
society. Now, there are about two millions of adult males in the British 
Isles above fifty years of age; consequently, the total number of the ‘*Men 
of the Time’' are as 425 to a million, and the more select part of them 
as 250 to a million. 

The qualifications for belonging to w^hat I call the more select part 
are, in my mind, that a man should have distinguished himself prc'tty 
frequently either by purely original work, or as a leader of opinion. I 
wholly exclude notoriety obtaine<l by a single act. This is a fairly well- 
defined line, because there is not room for many men to he eminent 
Each interest or idea has its mouthpiece, and a man who has attained 
and can maintain his position as the representative of a party or an idea 
naturally becomes much more conspicuous than his coadjutors who are 
nearly ecpial but inferior in ability. This is eminently the case in positions 
where eminence may be won by official acts. The balance may be turned 
by a grain that decides whether A, B, or C shall be promoted to a 
vacant post. The man who obtains it has opportunities of distinction 
denied to the others. I do not, however, take much note of official rank. 
People who have left very great names behind them have mostly done 
so through non-professional labours. 1 ce^rtainly should not i|jclude mere 
officials, except of the highest ranks, and in open professions, among my 
select list of eminent men. . 

Another estimate of the proportion of eminent men to the whole popu- 
lation was made on a different basis, and gave much the same result. I 
tcxik the obituary of the year 186S, published in the Times on January 1, 
1869, and found in it about fifty names of men of the more select class. 
This was in one sense a broader, and in another a more rigorous selection 
than tliat which I have just described. It was broader, because I in- 
cluded the names of many whose abilities were higli, but who died too 
young to have earned the wide reputation they deserved; and it was more 
rigoioihs, because I excluded old men who had earned distinction in years 
gone by, but had not shown themselves capable in later times to C'ome 
again to the front. On the first ground, it was necessary to lower the limit 
of the age of the population with whom they should be compared. Forty- 
five years of age seemed to me a fair limit, including, as it waft supjxise^d 
to do, a year or two of broken health preceding decease. Now, 210,000 
males die annually in the British Isles above the age of forty-five; there- 
fore, the ratio of the more .select portion of the *'Men of the Time’' on 
these data is as 50 to 210,000, or as 238 to a million. 
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Thirdly, I consulted obituaries of many years back, when the popula- 
tion of these islands was much smaller, and they appeared to me to lead 
to similar conclusions, viz. that 250 to a million is an ample estimate. 

There would be no difficulty in making a further selection out of these, 
to any degree of rigour. We could select the 200, the 100, or the fifty best 
out of the 250, without much uncertainty. But I do not see my way to 
work downwiirds. If I were asked to cho<ise the thousand per miUion best 
men, I should feel we had desc‘endc‘d to a level where there existed no 
sure data for guidance, where accident and opportunity had undue in- 
tlucnce, and where it was im|x>ssible to distinguish general eminence 
from l(X'al reputation, or from mere notoriety. 

These considerations define the sense in wliich I propose to employ the 
word “eminent.'* When 1 speak of an eminent man, I mean one who has 
achieved a position that is attained by only 250 persons in each million 
of men, or by one person in each 4,000. 4,000 is a very large number — 
difficult tor persons to realize who are not accustomed to deal with 
great assemblages. On the most biilliant of starlight nights there are 
never so many as 4,000 stars visible to the naked eye at the same time; 
)et we feel it to bo an extraordinary distinction to a star to be accounted 
as the brightest in the sky. This, be it remembered, is my narrowest 
area of selection, I propose to introduce no name whatever into my 
lists of kin.smen (unless it be marked off from the rest by brackets) that 
is less distinguisheil. 

'rhe mass of those with whom I deal are far more rigidly selected — 
many are as one in a million, and not a few^ as one of m my millions. I use 
the term “illustiious” when speaking of these. Tlicy are men whom the 
whole intelligent part of the nation mourns when they die; who have, or 
deserve to have, a public funeral; and who rank in future ages as histori- 
cal characters. 

Permit me to add a word upon the meaning of a million, being a 
number so enormous as to be difficult to conceive. It is well to have a 
standard by which to realize it. Mine wall be understood by many Lon- 
doners; it is as follows: One summer day I passed the aftenioon in Biishey 
Park to see the magnificent spectacle of its avenue of hoise-< hestnut tret^s, 
a mile long, in full flower. As the hours passc^d by, it oecurred to me to 
try to count the number of spikes of flowers facing the drive on one side 
of the long avenue — I mean all the spikes that were visible in full sun- 
shine on one side of the road. Accordingly, I fixed upon a tree of aver- 
age' bulk and flower, and drew imaginary lines — first halving the tree, 
then quartering, and so on, until I arrived at a subdivision that wds not 
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too large to allow of my counting the spikes of flowers it included. I did 
this with three different trees, and arrived at pretty much the same result; 
as well as I recollect, the three estimates were as nine, ten, and eleven. 
Then I counted the trees in the avenue, and, multiplying all together, 
I found the spikes to be just about 100,000 in number. Ever since then, 
whenever a million is mentioned, I recall the long perspective of the 
avenue of Bushey Park, with its stately chestnuts clothed from top to 
bottom with spikes of flowers, bright in the sunshine, and I imagine a 
similarly continuums floral band, of ten miles in length. 

In illustration of the value of the extreme rigour implied by a selection 
of one in a million, I will take the following instance. The Oxford and 
Cambridge boat race excites almost a national enthusiasm, and the men 
who represent their universities as competing crews have good reason 
to be proud of being the selected champions of such liu*ge bodies. The 
crew of each boat consists of eight men, selected out of about 800 
students; namely, the available undergraduates of about two successive 
years. In other words, the selection that is popularly felt to be so strict, is 
only as one in a hundred. Now, suppose there had been so vast a number 
of universities that it would have been possible to bring together 800 
men, each of whom had pulled in a university crew, and that from this 
body the eight best were selected to form a special crew of comparatively 
rare merit: the selection of each of these would be as 1 to 10,000 ordinary 
men. LrCt this process be repeated, and then, and not till then, do you 
arrive at a superlative crew, representing selections of one in a million. 
This is a perfectly fair deduction, because the youths at the universities 
are a haphazard collection of men, so far as regards their thews and 
sinews. No one is sent to a university on account of his powerful muscle. 
Or, to put the same facts into another form: it would require a period 
of no less than 100 years before either university could furnish eight men, 
each of whom would have sufficient boating eminence to rank as one of 
the medium crew. Ten thousand years must elapse before eight men 
could be furnished, each of whom would have the rank of the superlative 
crew. 

It is, however, quite' another matter with respect to brain power, for, 
as I shall have occasion to show, the universities attract to themselves a 
large proportion of the eminent scholastic talent of all England. There are 
nearly a quarter of a million males in Great Britain who arrive each 
year at the proper age for going to the university: therefore, if Cam- 
bridge, for example, received only one in every five of the ablest 
scholastic intelleciis, she would be able, in every period of twenty 
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years, to boast of the fresh arrival of an undergraduate, the rank of whose 
scholastic eminence was that of one in a million. 

CLASSIFICATION OF MEN ACCORDING 
TO THEIR NATURAL GIFTS 

I have no patience with the hyj^othesis occasionally expressed, and often 
implied, t'specially in tales written to teach children to be good, that 
babies are born pretty much alike, and that the sole agencies in creating 
differences between boy and boy, and man and man, are steady applica- 
tion and moral effort. It is in the most unqualified manner that I object to 
pretentions of natural equality. The experiences of the nursery, the 
school, the university, and of professional careers, are a chain of proofs to 
the contrary. I acknowledge freely the great pow^er of educ-ation and so- 
cial influenr‘es in developing the active powers of the mind, just as I 
ackmowletlge the effect of use in developing the muscles of a black- 
smith’s arm, and no further. liCt the blacksmith labour as he will, he will 
find there are certain feats beyond his powTr that are well within the 
strength of a man of herculean make, even although the latter may have 
led a sedentary life. Some years ago, the Highlanders held a grand 
gathering in Holland Park, where they challenged all England to com- 
pete with them in their games of strength. The challenge was accepted, 
and the well-trained men of the hills w^ere beaten in the foot-race by a 
youth who was stated to be a pure Cocknev, the clerk of a London banker. 

Everylx)dy who has trained himself to physical exercises discovers the 
extent of his muscular powers to a nicety. When he begins to walk, to row, 
to use the dumb-bells, or to nin, he finds to his great delight that his 
thews strengthen, and his endurance of fatigue increases day after day. 
So long as he is a novice, he perhaps flatters himself there is hardly an 
assignable limit to the education of his muscles; but the daily gain is soon 
discovered to diminish, and at last it vanishes altogether. His maximum 
performance' becomes a rigidlv determinate quantity. He learns to an 
inch, how high or how far he can jump, when he has attained the highest 
state of training. He learns to half a poiuid, the force he can exert on tlie 
dynamometer, by compre.ssing it. He can strike a blow against the ma- 
chine used to measure impact, and drive its index to a certain graduation, 
but no further. So it is in running, in rowing, in walking, and in every 
other fonn of physical exertion. There is a definite limit to the muscular 
powers of every man, which he cannot by any education or exertion 
overpass. 
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This is precisely analogous to the experience that every student has 
had of the working of his mental powers. The eager boy, when he first 
goes to school and confronts intellectual difficulties, is astonished at 
his progress. He glories in his newly-developed mental grip and growing 
capacity for application, and, it may be, fondly believes it to be within 
his reach to become one of the heroes who have left their mark upon the 
history of the world. The years go by; he competes in the examinations of 
school and college, over and over again with his fellows, and soon 
finds his place among them. He knows he can beat such and such of his 
competitors; that there are some with whom he runs on equal terms, and 
others whose intellectual feats he cannot even approach. Probably his 
vanity still continues to tempt him, by whispering in a new strain. It 
tells him that classics, mathematics, and other subjects taught in universi- 
ties, are mere scholastic specialties, and no test of the more valuable intel- 
lectual powers. It reminds him of numerous instances of persons who 
had been unsuccessful in the competitions of youth, but who had shown 
powers in after-life that made them the foremost men of their age. Ac- 
cordingly, with newly furbished hopes, and with all the ambition of 
twenty-two years of age, he leaves his university and enters a larger field 
of competition. The same kind of experience awaits liim here that he hiis 
already gone through. Opportunities occur — they occur ta every man — 
and he finds himself incapable of grasping them. He tries, and is tried in 
many things. In a few yeafs more, unless he is incurably blinded by self- 
conceit, he learns precisely of what performances he is capable, and 
what other enterprises lie beyond his compass. When he reaches mature 
life, he is confident only within certain limits, and knows, or ought to 
know, himself just as he is probably judged of by the world, with all his 
unmistakeable weakness and all his undeniable strength. He is no longer 
tormented into hopeless efforts by the fallacious promptings of overween- 
ing vanity, but he limits his undertakings to matters below the level of 
his reach, and finds true moral repose in an honevst conviction that he is 
engaged in as much good work as his nature has renderc‘d him capable 
of performing. 

There can hardly be a surer evidence of the enormous difference be- 
tween the intellectual capacity of men, than the prodigiout differences 
in the numbers of marks obtained by those who gain mathematical 
honours at Cambridge. I therefore crave permission to speak at some 
length upon tliis subject, although the details are dry and of little general 
interest. There are between 400 and 450 students who take their degrees 



THE CLASSIFICATION OF HUMAN ABILITY 237 

in each year, and of these, about loo succeed in gaining honours in 
mathematics, and are ranged by the examiners in strict order of merit. 
About the first forty of those who take mathematical honours are dis- 
tinguished by the title of wranglers,* and it is a decidedly creditable 
thing to be even a low wrangler; it will secure a fellowship in a small 
college. It must be carefully borne in mind that the distinction of being 
the first in this list of honours, or what is called the senior wrangler of 
the year, means a vast deal more than being the foremost mathemati- 
cian of 400 or 450 men taken at haphazard. No doubt the large bulk of 
Cambridge men are taken almost at haphazard. A boy is intended by his 
parents for some profession; if that profession be either the church or the 
bar, it used to be almost requisite, and it is still important, that he should 
be sent to Cambridge or Oxford. These youths may justly be considered as 
having been taken at haphazard. But there are many others who have 
fairly won their way to the universities, and are therefore selected from 
an enormous cuea. Fully one-half of the wranglers have been boys of note 
at their rt^speclive schools, and, conversely, almost all boys of note at 
schools find their way to the universities. Hence it is that among their 
comparatively small number of students, the universities include the 
highest youtliful scholastic ability of all England. The senior wTangler, in 
each successive year, is the chief of these as regards mathematics, and 
tliis, the highest distinction, is, or was, continually won by youths wIk) 
had no mathematical training of importance before they went to Cam- 
bridge. All their instruction had been received during the tlirce years of 
llieir residence at the university. Now, I do not say anything here about 
the merits or demerits of Cambridge mathematical studies having 
been directed along a too narrow groove, or about the presumed dis- 
advantages of ranging candidates in strict order of merit, instead of 
grouping them, as at Oxford, in classes, where their names appear 
alphabetically arranged. All I am concerned with here are the results; 
and tliese are most appropriate to my argument. The youths start on 
their three years" race as fairly as possible. They are then stimulated to 
run by the most powerful inducements, namely, those of competition, 
of honour, and of future wealth (for a ^ood fellowship is wealth); and 
at the end of the three years they are examined most rigorously according 
to a system tliat they all understand and are equally well prepared for. 
The examination lasts five and a half hours a day for eight days. All the 
answers are carefully marked by the examiners, who add up the marks 
at the end and range the candidates in strict order of merit. The fairness 
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and thoroughness of Cambridge examinations have never had a breath of 
suspicion cast upon them. 

Unfortunately for my purposes, the marks are not published, lliey 
are not even assigned on a uniform system, since each examiner is per- 
mitted to employ his own scale of marks; but whatever scale he uses, 
the results as to proportional merit are the same. I am indebted to a 
Cambridge examiner for a copy of his marks in respect to two 
examinations, in which the scales of marks were so alike as to make it 
easy, by a slight proportional adjustment, to compare the two together. 
This was, to a certain degree, a wnfidential communication, so that it 
would be improper for me to publish anything that would identify 
the years to which these marks refer. I simply give them as groups of 

Scale of Merit among the Men 
Who Obtain Mathematical Honours at Cambridge 


(The results of two ye£U*s are thrown into a single table. 

The total number of marks obtainable in each year was 17 , 000 . ) 


Number of marks obtained by 
candidates. 

Number of candidates in 
the two years, taken 
together, who obtained 
those marks.) 

Under 500 

24 

500 to 1,000 

74 

1,000 to 1,500 

38 

1,500 to 2,000 

21 

2.000 to 2,500 

11 

2,500 to 3,000 

8 

8,000 to 3,500 

11 

8,500 to 4,000 

5 

4.000 to 4,500 

2 

4,500 to 5,000 

1 

5,000 to 5,500 

3 

5,500 to 6,000 

1 

6,000 to 6,500 

0 

6,500 to 7,000 

0 

7,000 to 7,500 

0 

7,500 to 8,000 

1 

200 


2 . I have included in this table only tlie first 100 men in each year. The omitted 
resi<lue is too small to be important. I have omitted it lest, if the precist‘ numbers 
of honour men were stated, those numbers would have .served to idtjnlify the years. 
For reasons already given, I de.sire to afford no data to serve tliat puqmse. 
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figures, sufficient to show the enormous differences of merit. The lowest 
man in the list of honours gains less than 300 marks; the lowest wrangler 
gains about 1,500 marks; and the senior wrangler, in one of the lists now 
before me, gained more than 7,500 marks. Consequently, the lowest 
wrangler has more than five times the merit of the lowest junior optime, 
ami less than one-fifth the merit of the senior wrangler. 

The precise number of marks obtained by the senior wrangler in the 
more remarkable of these two years was 7,634, by the second wrangler in 
the same year, 4,123; and by the lowest man in the list of honours, only 
237. Consequently, the senior wrangler obtained nearly twice as many 
marks as the second wrangler, and more than thirty-two times as many 
as the lowest man. I have received from another examiner the marks of 
a year in which the senior wrangler was conspicuou^ly eminent. He ob- 
tained 9,422 marks, while the second in the same year — whose merits 
were by no means inferior to those of second vvranglers in general — 
obtained only 5,642. The man at the bottom of the same honour list had 
only 309 marks, or one-thirtieth the number of the senior wrangler. I have 
some particulars of a fourth very remarkable year, in which the senior 
wrangler obtained no less than ten times as many marks as the second 
wrangler, in the “problem paper.” Now, I have discussed with practised 
examiners the question of how far the numbers of marks may be con- 
sidered as proportionate to the mathematical power of the candidate, and 
am assured they are strictly proportionate as regards the lower places, 
but do not afford full justice to the highest. In other words, the senior 
wranglers above mentioned had more than thirty, or thirty-two times the 
ability of the lowest men on the lists of honours. They would be able to 
grapple with problems more than thirty-two times as difficult; or when 
dealing with subjcc'ts of the same difficulty, but intelligible to all, would 
comprehend them more rapidly in perhaps the square root of that 
proportion. It is reasonable to expect that marks would do some injustice 
to the very best men, because a very large part of the time of the 
examination is taken up bv the mechanical labour of writing. When- 
ever the thought of the candidate outruns his pen, he gains no ad- 
vantage from his excess of promptitude in conception. I shoiild, however, 
mention that some of the ablest men have shown their superiority by 
comparatively little writing. They find their way at once to the root of 
the difficulty in the problems that are set, and, with a few clean, apposite, 
powerful strokes, succet'd in proving they can overthrow it, and then they 
go on to another question. Every word they write tells. Thus, the late 
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Mr. H. Leslie Ellis, who was a brilliant senior wrangler in 1840, and 
whose name is familiar to many generations of Cambridge men as a 
prodigy of universal genius, did not even remain during the full 
period in the examination room: his health was weak, and he had to hus- 
band his strength. 

The mathematical powers of the last man on the list of honours, which 
are so low when compared with those of a senior wrangler, are mediocre, 
or even above mediocrity, when compared with the gifts of Englishmen 
generally. Though the examination places 100 honour men above him, 
it puts no less than 300 “poll men” below him. Even if we go so far as to 
allow that 200 out of the 300 refuse to work hard enough to get honours, 
there will remain 100 who, even if they worked hard, could not get th('m. 
Every tutor knows how difficult it is to drive abstract conceptions, even 
of the simplest kind, into the brains of most people — how feeble 
and hesitating is their mental grasp— how easily their brains are mazed 
— how incapable they are of precision and soundness of knowledge. It 
often occurs to persons familiar with some scientific subject to hear mem 
and women of mediocre gifts relate to one another what they have 
picked up about it from some lecture — say at the Royal Institution, where 
they have sat for an hour listening with delighted attention to an ad- 
mirably lucid account, illustrated by experiments of the most perfect 
and beautiful character, in all of which they expressed themselves in- 
tensely gratified and higljly instructed. It is positively painful to hear 
what they say. Their recollections seem to be a mere chaos of mist and 
misapprehension, to which some sort of shape and organization has 
been given by the action of their own pure fancy, altogether alien to 
what the lecturer intended to convey. Tlie average mental grasp even of 
what is called a well-educated audience, will be found to be ludi- 
crously small when rigorously tested. 

In stating the differences between man and man, let it not be sup- 
posed for a moment that mathematicians are necess.irily one-sided in 
their natural gifts. There are numerous instances of the reverse, of whom 
the following will be found, as instances of hereditary genius, in the ap- 
pendix to my chapter* on Science. I would especially name Leibnitz, as 
being universally gifted; but Ampere, Arago, Condorc'et, ajnd D*Alem- 
bert, were all of them very far more than mere mathematicians. Nay, 
since the range of examination at Cambridge is so extended as to include 
other subjects besides mathematics, the differences of ability between 
the highest and lowest of the successful candidates is yet more glaring 
than what I have already described. We still find, on the one hand. 
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mediocre men, whose whole energies are absorbed in getting their 237 
marks for mathematics; and, on the other hand, some few senior wran- 
glers who are at the same time high classical scholars and much more 
besides. Cambridge has afforded such instances. Its lists of classical 
honours are comparatively of recent date, but other evidence is ob- 
tainable from earlier times of their occurrence. Thus, Dr. George Butler, 
tlie Head Master of Harrow for very many years, including the period 
when Byron was a schoolboy ( father of the present Head Master, and 
of other sons, two of whom are also head masters of great public schools), 
must have obtained that classical oiBBce on account of his eminent classical 
ability; but Dr. Butler was also senior wrangler in 1794, the year when 
Lord Chancellor Lyndhurst was second. Both Dr. Kaye, the late bishop of 
Lincoln, and Sir E. Alderson, the late judge, were the senior wranglers 
and the first classical prizemen of their respective years. Since 1824, 
when the classical tripos was first established, the late Mr. Goulbum 
(son of the Right Hon. H. Goulbum, Chancellor of the Exchequer) was 
second wrangler in 1835, senior classic of the same year. But in 
more recent times, tlie necessary labour of preparation, in order to 
acquire the highest mathematical places, has become so enormous that 
there has been a wider differentiation of studies. There is no longer 
time for a man to acquire the necessary knowledge to succeed to the 
first place in more than one subject. There are, therefore, no instances 
of a man being absolutely first in both examinations, but a few can be 
found of high eminence in both classics and mathematics, as a reference 
to the lists published in the “Cambridge Calendar” will show. The best 
of thc‘se more recent degrees appears to be that of Dr. Barry, late 
principal of Clieltenham, and now principal of King^s College, London 
( the son of the eminent arcliitect. Sir Charles Barry, and brother of Mr. 
Edward Barry, who succeeded his father as architect). He was fourth 
wrangler and seventh classic of his year. 

In whatever way wc may tost ability, we arrive at equally enormous 
intellectual differences. Lord Macaulay . . . had one of tlie most tena- 
cious of memories, lie was able to recall many pages of hundreds of 
volumes by various authors, which he h id acquired by simply reading 
them over. An average man could not certainly carry in his memory one 
thirty-second — ay, or one hundredtli — ^part as much as Lord Macaulay. 
The father of Seneca had one of the greatest memories on record in 
ancient times. . . . Person, the Greek scholar, was remarkable for this 
gift, and, I may add, tlie “Person memory” was hereditary in that family. 
In statesmanship, generalship, literaline, science, poetry, art, just the 
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same enormous differences are found between man and man; and numer- 
ous instances recorded in this book, will show in how small degree, 
emmence, either in these or any other class of intellectual powers, can 
be considered as due to purely special powers. They are rather to be con- 
sidered in those instances as the result of concentrated efforts, made by 
men who are widely gifted. People lay too much stress on apparent 
specialities, thinking over rashly that, because a man is devoted to some 
particular pursuit, he could not possibly have succeeded in anything else. 
They might just as well say that, because a youth had fallen desperately 
in love with a brunette, he could not possibly have fallen in love with 
a blonde. He may or may not have more natural liking for the former 
type of beauty than the latter, but it is as probable as not that the 
affair was mainly or wholly due to a general amorousness of disposition. 
It is just the same with special pursuits. A gifted man is often capricious 
and fickle before he selects his occupation, but when it has been chosen, 
he devotes himself to it with a truly passionate ardour. After a man of 
genius has selected his hobby, and so adapted himself to it as to seem 
unfitted for any other occupation in life, and to be possessed of but one 
special aptitude, I often notice, with admiration, how well he hears him- 
self when circumstances suddenly thrust him into a strange position. He 
will display an insight into new conditions, and a power o£ dc'aling witli 
them, with which even his most intimate friends were unprepared to 
accredit him. Many a presumptuous fool has mistaken indifference and 
neglect for incapacity; and in trying to throw a man of genius on ground 
where he was unprepared for attack, has himself received a most severe 
and unexpected fall. I am sure that no one who has had the privilege 
of mixing in the society of the abler men of any great capital, or who is 
acquainted with the biographies of the heroes of history, can doubt the 
existence of grand human animals, of natures pre-eminently noble, of in- 
dividuals born to be kings of men. I have been conscious of no slight 
misgiving that I was committing a kind of sacrilege whenever, in the 
preparation of materials for this book, I had occasion to take the measure- 
ment of modem intellects vastly superior to my own, or to criticise the 
genius of the most magnificent historical specimens of our race. It was a 
process that constantly recalled to me a once familiar sentiment in 
bygone days of African travel, when I used to take altitudes of the huge 
cliffs that domineered above me as I travelled along their bases, or to 
map the mountainous landmarks of unvisited tribes, that loomed in faint 
grandeur beyond my actual horizon. 

I have not cared to occupy myself much with people whose gifts are 
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below the average, but they would be an interesting study. The number 
of idiots and imbeciles among the twenty million inhabitants of England 
and Wales is approximately estimated at 50,000, or as 1 in 400. Dr. 
Seguin, a great French authority on these matters, states that more than 
thirty per cent of idiots and imbeciles, put under suitable instruction, have 
been taught to conform to social and moral law, and rendered capable 
of order, of good feeling, and of working like the third of an average man. 
He says that more than forty per cent have become capable of the ordi- 
nary transactions of life, under friendly control; of understanding moral 
and social abstractions, and of working like two-thirds of a man. And, 
lastly, that from twenty-five to thirty per cent come nearer and nearer to 
tlie standard of manhood, till some of them will defy the scrutiny of good 
judges, when compared with ordinary young men and women. In the 
order next above idiots and imbeciles are a large number of milder cases 
scattered among private families and kept out of sight, the existence of 
whom is, however, well known to relatives and friends; they are too silly 
to take a part in general society, but are easily amused with some trivial, 
harmless occupation. Then comes a class of whom the Lord Dundreary 
of the famous play may be considered a representative; and so, proceed- 
ing tlirough successive grades, we gradually ascend to mediocrity. I 
know two good instances of hereditary silliness short of imbecility, and 
have reason to believe I could easily obtain a large number of similar 
facts. 

To conclude, the range of mental power between — I will not say the 
highest Caucasian and the lowest savage — but between the greatest and 
least of Engli.sh intellects, is enormous. There is a continuity of natural 
ability reaching from one knows not what height, and descending to one 
can hardly say what depth. I propose in this chapter to range men ac- 
cording to their natural abilities, putting them into classes separated by 
equal degrees of merit, and to show the relative number of individuals 
included in the several classes. Perhaps some person might be inclined 
to make an offhand guess that the number of men included in the several 
classes w'ould be pretty equal. If he thinks so, I can assure him he is most 
egregiously mistaken. 

The method I shall employ for discovering all this is an application of 
the very curious theoretical law of "deviation from an average." First, I 
will explain the law, and then I will show that the production of natural 
intellectual gifts comes justly within its scope. 

Tlie law is an exceedingly general one. M. Quetelct, the Astronomer- 
Royal of Belgium, and the greatest authority on vital and sochil statistics. 
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has largely used it in his inquiries. He has also constructed numerical 
tables, by which the necessary calculations can be easily made, whenever 
it is desired to have recourse to the law. Those who wish to Icam more 
than I have space to relate should consult his work, which is a very 
readable octavo volume, and deserves to be far better known to statisti- 
cians than it appears to be. Its title is Letters on Probabilities, translated 
by Downes. (Layton and Co., London, 1849.) 

So much has been published in recent years about statistical deduc- 
tions, that I am sure the reader will be prepared to assent freely to the 
following hypothetical case: Suppose a large island inhabited by a single 
race, who intermarried freely, and who had lived for many generations 
under constant conditions; then the average height of the male adults of 
that population would undoubtedly be the same year after year. Also — 
still arguing from the experience of modem statistics, which are found to 
give constant results in far less carefully-guarded examples — we should 
undoubtedly find, year after year, the same proportion maintained be- 
tween the number of men of difiFerent heights. I mean, if the average 
stature was found to be sixty-six inches, and if it was also found in any 
one year that 100 per million exceeded seventy-eight inches, the same 
proportion of 100 per million would be closely maintained in all other 
years. An equal constancy of proportion would be maintained between 
any other limits of height we pleased to specify, as between severnty- 
one and seventy- two indies; betwe^m seventy-two and seventy-thret* 
inches; and so on. Statistical exp<Tienc<\s are so invariably confinnatory 
of what I have stated would probably be tlie case, as to make it unneces- 
sary to describe analogous instances. Now, at this point, the law of devia- 
tion from an average steps in. It shows that the number per million whose 
heights range between seventy-one and seventy-two inches (or between 
any other limits we pU;ase to name) can be predicted from the previous 
datum of the average, and of any one other fact, such as that of 100 per 
million exceeding seventy-eight inch<‘S. 

The appended diagram will make this more intelligible. Suppose a 
million of the men to stand in turns, with their backs agaiost a vertic^il 
board of sufficient height, and their heights to be dotted ofF upon it. iTie 
board would then present the appearance shown in the diagifam. ITie line 
of average height is that which divides the dots into two equal parts, 
and stands, in the case we have assumed, at the height of sixty-six 
inches. The dots will be found to be ranged so symmetrically on cither 
side of the line of average, that the lower half of the diagram will be al- 
most a precise reflection of the upper. Next, Ic^ a hundrcnl dots be 
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counted from above downwards, and let a line be drawn below them. Ac- 
cording to the conditions, this line will stand at the height of seventy-eight 
inches. Using the data afforded by these two lines, it is possible, by the 
help of the law of deviation from an average, to reproduce, with ex- 
traordinary closeness, the entire system of dots on the board. 

M. Quetelet gives tables in 
which tlie uppermost line, in- 
stead of cutting off 100 in a 
million, cuts off only one in 
a million. Ho divides the 
intervals between that line 
and the line of average, into 
eighty equal divisions, and 
gives the number of dots that 
fall witliin each of those divi- 
sions. It easy, by tlic help 
of his tables, to calculate 
what would occur under any 
other system of classification 
we pleascnl to adopt 

This law of deviation from 
an average is perfectly gen- 
eral in its application. Thus, 
if the marks had been made 
by bullets fired at a horizontal 
line stretched in front of the 
target, they would have been 
distributed according to tlie 
same law. Wherever there is 
a largo number of similar 
events, each due to the re- 
sultant influences of the same variable conditions, two effects will follow. 
First, the average value of those events will be constant; and, secondly, 
the deviations of the several events from the average, will be governed by 
this law (which is, in principle, the same as lliat which governs runs of 
luck at a gaming-table). 

The nature of the conditions affecting the several events must, I say, be 
die same. It clearly would not be proper to combine the heights of men 
belonging to two dissimilar races, in the expectation that the com^xiund 
results would be governed by tlie same constants. A union of two dis- 
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similar systems of dots would produce the same kind of confusion as if 
half the bullets fired at a target had been directed to one mark, and the 
other half to another mark. Nay, an examination of the dots would 
show to a person, ignorant of what had occurred, that such had been the 
case, and it would be possible, by aid of the law, to disentangle two or 
any moderate number of superimposed series of marks. The law may, 
therefore, be used as a most trustworthy criterion, whether or no the 
events of which an average has been taken, arc due to the same or to 
dissimilar classes of conditions. 

I selected the hypothetical case of a race of men living on an island and 
freely intermarrying, to ensure the conditions under which they were all 
supposed to live, being uniform in character. It will now be my aim to 
show there is suflBcient uniformity in the inhabitants of the British Isles to 
bring them fairly within the grasp of this law. 

For this purpose, I first call attention to an example given in Quetelet’s 
book. It is of the measurements of the circumtercnccs of the chests of a 
large number of Scotch soldiers. Tlie Scotch are by no means a stric tly 
uniform race, nor are they exposed to identical conditions. They are a 
mixture of Celts, Danes, Anglo-Saxons, and others, in various propor- 
tions, the Highlanders being almost purely C'elts. On the other hand, 


Measures of 
the chest in 
inches. 

Number of 
men per 
1,000 by 
experience. 

Number of 
men per 
1,000 by 
calculation. 


Measures of 
tlie chest in 
inches. 

Number of 
men per 
1,000 by 
experience. 

Number of 
men per 
1,000 by 
calculation. 

33 

5 

7 


n 

1,628 

1,675 

34 

31 

29 



1,148 

1,090 

35 

141 

110 



645 

560 

36 

322 

323 


44 

160 

221 

37 

732 

732 


45 

87 

69 

38 

1,305 

1,333 


40 

38 

10 

39 

1,867 

1,838 


47 

7 

3 

40 

1,882 

1,987 


48 

2 

1 


these races, though diverse in origin, are not very dissimilar in char- 
acter. Consecpiently, it will be found that their deviations from the 
average follow theoretical computations with remarkable accuracy. The 
instance is as [shown]. M. Quetelet obtained his facts from the thirteenth 
volume of the Edinburgh Medical Journaly where the measurements arc 
given in respect to 5,738 soldiers, the results being grouped in order of 
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magnitude, proceeding by di£Ferences of one inch. Professor Quetelet com- 
pares these results with those that his tables give, and here is the result. 
The marvellous accordance between fact and theory must strike the 
most unpractised eye. I should say that, for the sake of convenience, 
both the measurements and calculations have been reduced to per thou- 
sandths. 

I will now take a case where there is a greater dissimilarity in the ele- 
ments of wfiich the average has been taken. It is the height of 100,000 
Frencb conscripts. There is fully as much variety in the French as in the 
English, for it is not very many generations since France was divided 
into completely independent kingdoms. Among its peculiar races are 
those of Normandy, Brittany, Alsatia, Provence, Bearne, Auvergne — each 
with their special characteristics; yet the following table shows a most 
striking agreement between the results of experience compared with those 
deriv(‘d by calculation, from a purely theoretical hypothesis: 


Height of men 

In inches. 

Number of men. 

Measured. 

Calculated. 

Under 61.8 

28,620 

26,345 

61.8 to 62.9 

11,580 

13,182 

62.9 to 63.9 

13,990 

14,502 

63.9 to 65.0 

14,410 

13,982 

65.0 to 66.1 

11,410 

11,803 

66.1 to 67.1 

8,780 

8,725 

67.1 to 68,2 

5,530 

5,5?7 

68.2 to 69.3 

3,190 

3,187 

Above 69.3 

2,490 

2,645 


Tlic greatest differences are in the lowest ranks. They include the men 
who were rejected from being too short for the army. M. Quetelet boldly 
ascribes these differences to the effect of fraudulent returns. It certainly 
seems that men have been improperly tak(*n out of the second rank and 
put into the first, in order to exempt them trom service. Be this as it may, 
the coincidence of fact with theory is, in this instance also, quite close 
enough to serve my purpose. 

I argue from the results obtained from Frenchmen and from Scotch- 
men, tliat, if we had measurements of the adult males in tlie British 
Isles, we should find those measurements to range in close accordance 
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with the law of deviation from an average, although our population is 
as much mingled as I described that of Scotland to have been, and al- 
though Ireland is mainly peopled with Celts. Now, if this be the case with 
stature, tlien it will be true as regards every other physical feature — as 
circumference of head, size of brain, weight of grey matter, number of 
brain fibres, etc.; and thence, by a step on which no physiologist will 
hesitate, as regards mental capacity. 

This is what I am driving at — that analogy clearly shows there must 
be a fairly constant average mental capacity in the inhabitants of the 
British Isles, and that the deviations from that average^ — upwards to- 
wards genius, and downwards towards stupidity — ^must follow the law 
that governs deviations from all true averages. 

I have, however, done somewhat more than rely on analogy, by dis- 
cussing the results of those examinations in which the candidates had 
been derived from the same classes. Most persons have notic'cd the lists 
of successful competitors for various public appointments tliat are pub- 
lished from time to time in the newspapers, with the marks gained by 
each candidate attached to his name. These lists contain far too few 
names to fall into such beautiful accordance with th(*ory, as was the case 
with the Scotch soldiers. There are rarely more than 100 names in any 
one of these examinations, while the chests of no less than 5,700 Sc otc h- 
men were measured. I cannot justly combine the mar^s of several 
independent examinations into one fagot, for I understand that diff(Tent 
examiners are apt to have different figiires of merit; so each examination 
was analysed separately. The following is a calculation I made on the 
examination last before me; it will do as well as any other. It was for 
admission into the Royal Military College at Sandhurst, December, 186S. 
The marks obtained were clustered most thickly about 3,000, so I take 
that number as representing the average ability of the candidates. From 
this datum, and from the fact that no candidate obtained more than 
6,500 marks, I computed the column B in the following tabic, by the 
help of Quetelet’s numbers. It will be seen that column B $ccvrch with 
column A quite as closely as the small number of persons examined 
could have led us to expect. 

The symmetry of the descending branch has been rudely Ipoilt by the 
conditions stated at the foot of column A. There is, tlierefora, little room 
for doubt, if everybody in England had to work up some subject and 
then to pass before examiners who employed similar figures of merit, 
that their marks would be found to range, according to the law of 
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deviation from an average, just as rigorously as the heights of French 
conscripts, or the circumferences of the chests of Scotch soldiers. 


Number of marks obtained 
by the Candidates. 

Number of Candidates who obtained 
those marks. 

A. 

According to fact 

B. 

According to theory. 

6,500 and above 

0 \ 

0 \ 

5,800 to 6,500 

1 1 

1 1 

6.100 to 5,800 

8 / 

5 / 

4,400 to 5,100 

6 > 73 

® > 72 

8,700 to 4,400 

11 ( 

13 f 

8,000 to 3,700 

22 \ 

16 I 

2,300 to 3,000 

22 1 

16 1 

1 fiOO 2,300 

8 / 

13 / 

1,100 to 1,600 ( 

Either did not 

) 8 

400 to 1,100 < 

venture to com- 

r ® 

Below 400 1 

pete, or were 

) 1 

\ 

plucked. 



The number of grades into which we may divide ability is purely a 
matter of option. We may consult our convenience bv sorting English- 
men into a few large classes, or into many small ones. I will select a sys- 
tem of classification that shall be easily comparable with the numbers of 
eminent men, as determined in the previous chapter. We have seen that 
250 men per million become eminent; accordingly, I have so contrived 
tlie classes in the following table [p. 25®] highest, F and G, 

together with X (which includes sdl cases beyond G, and which are un- 
classed), shall amount to about that number — ^namely to 248 per million. 

It will, I trust, be clearly understood that the numbers of men in the 
several classes in my table depend on no uncertain hypothesis. They are 
determined by the assured law of deviations from an average. It is an 
absolute fact that if we pick out of eacii million the one man who is 
naturally the ablest, and also the one man who is the most stupid, and 
divide the remaining 999»998 men into fourteen classes, the average 
ability in each being separated from that of its neighbours by eqtwl 
ffudes, then the numbers in each of those classes will, on the average 









Classification of Men According to Their Natural Gifts 



On either side of average 500,000 U68,000 964,000 761,000 521,000 332,000 

Total, both sides 1,000,000 2,536,000 1,928,000 1,522,000 1,042,000 664,000 
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of many millions, be as is stated in the table. The table may be applied to 
special, just as truly as to general ability. It would be true for every 
examination that brought out natural gifts, whether held in painting, 
in music, or in statesmanship. The proportions between the different 
classes would be identical in all these cases, although the classes would be 
made up of different individuals, according as the examination differed 
in its purport. 

It will be seen that more than half of each million is contained in the 
two mediocre classes a and A; the four mediocre classes a, b. A, B, con- 
tain more than four-fifths, and the six mediocre classes more than 
nineteen-twentieths of the entire population. Thus, the rarity of com- 
manding ability, and the vast abundance of mediocrity, is no accidoit, 
but follows of necessity, from the very nature of these things. 

The meaning of the word “mediocrity” admits of little doubt. It defines 
the standard of intellectual power found in most provincial gatherings, 
because die attractions of a more stirring life in the metropolis and else- 
where, are apt to draw away the abler classes of men, and the silly and 
the imbecile do not take a part in the gatherings. Hence, the residuum 
that forms the bulk of the general society of small provincial places, is 
commonly very pure in its mediocrity. 

The class C possesses abilities a trifle higher than those commonly 
possessed by the foreman of an ordinary jury. D includes the mass of men 
who obtain the ordinary prizes of life. E is a stage hi^er. Then we reach 
F, the lowest of those yet superior classes of intefiect, with which this 
volume is chiefly concerned. 

On descending the scale, we find by the time we have reached f, that 
we are already among the idiots and imbeciles. We Lave seen . . . that 
there are 400 idiots and imbeciles to every million of persons living in this 
country; but that 30 per cent of their niunber appear to be light cases, to 
whom the name of idiot is inappropriate. There will remain 280 true 
idiots and imbeciles, to every million of our population. This ratio co- 
incides veiy closely with the requirements of class f. No doubt a certain 
proportion of them are idiotic owing to some fortuitous cause, whidi may 


[Left] The proportiotu of men liotng at differtnt ages are calctdated from the 
proportions that are true for England and Wales. (Census 1861, Appendix, p. 
107.) 

Example. The class F contains 1 in every 4.300 men. In other words, there 
are 233 of that class in each million of men. The same is true of doss f. In the 
whole United Kingdom there are 590 men of doss F (md the same number 
of f) between the ages of 20 and 30; 450 between the ages of 30 and 40; 
andsoon. 
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interfere with the working of a naturally good brain, much as a bit of dirt 
may cause a first-rate chronometer to keep worse time than an ordinary 
watch. But I presume, from the usual smallness of head and absence of 
disease among these persons, that the proportion of accidental idiots 
cannot be very large. 

Hence we arrive at the imdeniable, but unexpected conclusion, that 
eminently gifted men are raised as much above mediocrity as idiots are 
depressed below it; a fact that is calculated to considerably enlarge our 
ideas of the enonnous differences of intellectual gifts between man and 
man. 

I presume the class F of dogs, and others of the more intelligent sort of 
animals, is nearly commensurate with the f of the human race, in re- 
spect to memory and powers of reason. Certainly the class G of such 
animals is far superior to the g of humankind. 

COMPARISON OF THE TWO CLASSIFICATIONS 

Is reputation a fair test of natural ability? It is the only one I can em- 
ploy — am I justified in using it? How much of a man’s success is due to 
his opportunities, how much to his natural power of intellect? 

This is a very old question, on which a great many commonplaces 
have been uttered that need not be repeated here. I will confine myself 
to a few considerations, such as seem to me amply adequate to prove 
what is wanted for my argument. 

Let it clearly be borne in mind, what I mean by reputation and 
ability. By reputation, I mean the opinion of contemporaries, revised by 
posterity — the favourable result of a critical analysis of each man’s charac- 
ter, by many biographers. I do not mean high social or oflBcial position, 
nor such as is implied by being the mere lion of a London season; but I 
speak of the reputation of a leader of opinion, of an originator, of a man 
to whom the world deliberately acknowledges itself largely indebted. 

By natiural ability, I mean those qualities of intellect and disposition, 
which urge and qualify a man to perform acts that lead to reputation. 
I do not mean capacity without zeal, nor zeal without capacity, nor even 
a combination of both of them, without an adequate powet of doing a 
great deal of very laborious work. But I mean a nature whi<ji, when left 
to itself, will, urged by an inherent stimulus, climb the path that leads 
to eminence, and has strength to reach the summit— one which, if 
hindered or thwarted, will fret and strive until the hindrance is over- 
come, and it is again free to follow its labour-loving instinct. It is almost 



THE CLASSIFICATION OF HUMAN ABILITY 253 

a contradiction in terms, to doubt that such men will generally become 
eminent. On the other hand, there is plenty of evidence in this volume 
to show that few have won high reputations without possessing these 
peculiar gifts. It follows that the men who achieve eminence, and 
those who are naturally capable, are, to a large extent, identical. 

The particular meaning in which I employ the word ability, does not 
restrict my argument from a wider application; for, if I succeed in 
showing — ^as I undoubtedly shall do— that the concrete triple event, of 
ability combined with zeal and with capacity for hard labour, is inherited, 
much more will there be justification for believing that any one of its 
three elements, whether it be ability, or zeal, or capacity for labour, is 
similarly a gift of inheritance. 

I believe, and shall do my best to show, that, if the “eminent" men of 
any period had been changelings when babies, a very fair proportion of 
those who survived and retained their health up to fifty years of age, 
would, notwithstanding their altered circumstances have equally risen to 
eminence. Thus — ^to take a strong case — it is incredible that any combina- 
tion of circumstances, could have repressed Lord Brougham to the level 
of undistinguished mediocrity. 

The arguments on which I rely are as follow. I will limit their applica- 
tion for the present to men of the pen and to artists. First, it is a fact 
that numbers of men rise, before they are middle-aged, from the 
humbler ranks of life to that worldly position, in which it is of no im- 
portance to their future career how their youth has been passed. They 
have overcome their hindrances, and thus start fair Avith others more 
fortunately reared, in the subsequent race of life. A boy who is to be 
carefully educated is sent to a good scliool, where he confessedly acquires 
little useful information, but where he is taught the art of learning. The 
man of whom I have been speaking has contrived to acquire the same art 
in a school of adversity. Both stand on equal terms, when they have 
reached mature life. They compete for the same prizes, measure their 
strength by efforts in the same direction, and their relative successes are 
thenceforward due to their relative natural gifts. There are many such 
men in the “eminent" class, as biographies abundantly show. Now, if the 
hindrances to success were very great, we should expect all who sur- 
mounted them to be prodigies of genius. The hindrances would form a 
system of natural selection, by repressing all whose gifts were below a 
certain very high level. But what is the case? We find very many who 
have risen from the ranks, who are by no means prodigies of genius; 
many who have no claim to “eminence," who have risen easily in spite of 
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all obstacles. Tlie hindrances undoubtedly form a system of natural selec- 
tion that represses mediocre men, and even men of pretty fair powers — 
in short, the classes below D; but many of D succeed, a great many of E, 
and I believe a very large majority of those above. 

If a man is gifted with vast intellectual ability, eagerness to work, and 
power of working, I cannot comprehend how such a man should be 
repressed. The world is always tormented with difficulties waiting to be 
solved — struggling with ideas and feelings, to which it can give no ade- 
quate expression. If, then, there exists a man capable of solving those 
difficulties, or of giving a voice to those pent-up feelings, he is sure to 
be welcomed with universal acclamation. We may almost say that he has 
only to put his pen to paper, and the thing is done. I am here speaking 
of the very first-dass men — ^prodigies — one in a million, or one in ten 
millions, of whom numbers will be found described in this volume, as 
specimens of hereditary genius. 

Another argument to prove that the hindrances of English social life are 
not effectual in repressing high ability is that the number of eminent 
men in England is as great as in other coimtries where fewer hindrances 
exist. Culture is far more widely spread in America, than with us, and the 
education of their middle and lower classes far more advanced; but, for 
all that, America most certainly does not beat us in first-class works of 
literature, philosophy, or art. The higher kind of books, even of the most 
modem date, read in Ammca, are principally the work of English- 
men. The Americans have an immense amount of the newspaper-article- 
writer, or of the member-of-congress stamp of ability; but the number of 
their really eminent authors is more limited even than with us. I argue 
that, if the hindrances to the rise of genius, were removed from English 
society as completely as they have been removed from that of America, 
we should not become materially richer in highly eminent men. 

People seem to have the idea that the way to eminence is one of great 
self-denial, from which there are hourly temptations to diverge: in which 
a man can be kept in his boyhood, only by a schoolmaster's severity or a 
parent's incessant watchfulness, and in after-life by the attractions of 
fortunate friendships and other favourable circumstances. This is true 
enough of the great majority of men, but it is simply not true of the 
generality of those who have gained great reputations. Such ilien, biog- 
raphies show to be haunted and driven by an incessant instinctive crav- 
ing for intellectual work. If forcibly withdrawn from the path that leads 
towards eminence, they will find their way back to it, as surely as a lover 
to his mistress. They do not work for the sake of eminence, but to satisfy 
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a natural craving for brain-work, just as athletes cannot endure repose 
on account of their muscular irritability, which insists upon exercise. It 
is very unlikely that any conjunction of circumstances, should supply 
a stimulus to brain work, commensurate with what these men carry in 
their own constitutions. The action of external stimuli must be un- 
certain and intermittent, owing to their very nature; the disposition 
abides. It keeps a man ever employed — now wrestling with his di£S- 
culties, now brooding over his immature ideas — and renders him a quick 
and eager listener to innumerable, almost inaudible teachings, that others 
less keenly on the watch, are sure to miss. 

These considerations lead to my third argument. I have shown that 
social hindrances cannot impede men of high ability, from becoming 
eminent. I shall now maintain that social advantages are incompetent to 
give that status to a man of moderate ability. It would be easy to point 
out several men of fair capacity, who have been pushed forward by all 
lands of help, who are ambitious, and exert themselves to the utmost, but 
who completely fail in attaining eminence. If great peers, they may be 
lord-lieutenants of counties; if they belong to great county families, they 
may become influential members of parliament and local notabilities. 
When they die, they leave a blank for a while in a large circle, but there 
is no Westminster Abbey and no public mourning for them — ^perhaps 
barely a biographical notice in the columns of the daily papers. 

It is diiBcult to specify two large classes of men, with equal social ad- 
vantages, in one of which they have high hereditary gifts, while in the 
other they have not. I must not compare the sons of eminent men with 
those of noneminent, because much which I should ascribe to breed, 
others might ascribe to parental encouragement and example. There- 
fore, I wiD compare the sons of eminent men with the adopted sons of 
popes and other dignitaries of the Roman Catholic Church. The prac- 
tice of nepotism among ecclesiastics is universal. It consists in their giv- 
ing those social helps to a nephew, or other more distant relative, that 
ordinary people give to their children. Now, I shall show abundantly in 
the course of this book, that the nephew of an eminent man has far 
less chance of becoming eminent than a son, and that a more remote 
kinsman has far less chance than a nephew. We may therefore make a 
very fair comparison, for the purposes of my argument, between the 
success of the sons of eminent men and that of the nephews or more 
distant relatives, who stand in the place of sons to the high unmarried 
ecclesiastics of the Romish Church. If social help is really of the highest 
importance, the nephews of the popes will attain eminence as frequently. 
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or nearly so, as the sons of other eminent men; otherwise, diey will not 

Are, then, the nephews, etc., of the popes, on the whole, as highly 
distinguished as are the sons of other equally eminent men? I answer, 
decidedly not. There have been a few popes who were offshoots of 
illustrious races, such as that of the Medici, but in the enormous majority 
of cases the pope is the ablest member of his family. I do not profess to 
have worked up the kinships of the Italians with any especial care, but I 
have seen amply enough of them, to justify me in saying that the in- 
dividuals whose advancement has been due to nepotism, are curiously 
undistinguished. The very common combination of an able son and an 
eminent parent, is not matched, in the case of high Romish ecclesiastics, 
by an eminent nephew and an eminent uncle. The social helps are the 
same, but hereditary gifts are wanting in the latter case. 

To recapitulate: I have endeavoured to show in respect to literary 
and artistic eminence — 

1. That men who are gifted with high abilities— even men of class E 
— easily rise through all the obstacles caused by inferiority of social 
rank. 

2. Countries where there are fewer hindrances than in England to a 
poor man rising in life produce a much larger proportion of persons of 
culture, but not of what I call eminent men. 

3. Men who are largely aided by social advantages, are"*^ unable to 
achieve eminence, unless they are endowed with high natural gifts. 

It may be weU to add a few supplementary remarks on the small ef- 
fects of a good education on a mind of the highest order. A youth of 
abilities C and X, is almost independent of ordinary school education. He 
does not want a master continually at his elbow to explain difficulties and 
select suitable lessons. On the contrary, he is receptive at every pore. He 
learns from passing hints, with a quickness and thoroughness that others 
cannot comprehend. He is omnivorous of intellectual work, devouring a 
vast deal more than he can utilize, but extracting a small percentage of 
nutriment that makes, in the aggregate, an enormous supply. The best care 
that a master can take of such a boy is to leave him alone, just directing 
a little here and there, and checking desultory tendencies. 

It is a mere accident if a man is placed in his youth in the profession 
for which he has the most special vocation. It will consequently be re- 
marked in my short biographical notices that the most illustrious men 
have frequently broken loose from the life prescribed by their parents, 
and followed, careless of cost, the paramount dictation of their own 
natures: in short, they educate th^nselves. D’Alembert is a striking in- 
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stance of this kind of self-reliance. He was a foundling (afterwards shown 
to be well bred as respects ability), and put out to nurse as a pauper 
baby, to the wife of a poor glazier. The child's indomitable tendency to 
the higher studies, could not be repressed by his foster-mother s ridicule 
and dissuasion, nor by the taunts of his schoolfellows, nor by the dis- 
couragements of his schoolmaster, who was incapable of appreciating 
him, nor even by the reiterated deep disappointment of finding that his 
ideas, which he knew to be original, were not novel, but long previously 
discovered by others. Of course, we should expect a boy of this kind to 
undergo ten or more years of apparently hopeless strife, but we should 
equally expect him to succeed at last; and D'Alembert did succeed in 
attaining the first rank of celebrity, by the time he was twenty-four. The 
reader has only to turn over the pages of my book to find abundant in- 
stances of this emergence from obscurity, in spite of the utmost dis- 
couragement in early youth. 

A prodigal nature commonly so prolongs the period when a man’s 
receptive faculties are at their keenest that a faulty education in youth is 
readily repaired in after-life. The education of Watt, the great mechani- 
cian, was of a merely elementary character. During his youth and man- 
hood he was engrossed with mechanical specialities. It was not till he be- 
came advanced in years, that he had leisure to educate himself, and yet 
by the time he was an old man, he had become singularly well-read 
and widely and accurately informed. The scholar who, in the eyes of 
his contemporaries and immediate successors, made one of the greatest 
reputations, as such, that any man has ever made, was Julius Caesar 
Scaliger. His youth was, I believe, entirely unlettered. He was in the 
army until he was twenty-nine, and then he led a vagrant professional 
life, trying everything and sticking to nothing. At length he fixed 
himself upon Greek. His first publications were at the age of forty-seven, 
and between that time and the period of a somewhat early death, he 
earned his remarkable reputation, only exceeded by that of his son. Boy- 
hood and youth — the period between fifteen and twenty-two years of age, 
which afford to the vast majority of men, the only period for the acquire- 
ment of intellectual facts and habits — are just seven years — neither 
more nor less important than other years — in the lives of men of the 
highest order. People are too apt to complain of their imperfect education, 
insinuating that they would have done great things if they had been more 
fortunately circumstanced in youth. But if their power of learning is 
materially diminished by the time they have discovered their want of 
knowledge, it is very probable that their abilities are not of a 
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educated, they would have succeeded but little better. 

Even if a man be long unconscious of his powers, an opportunity is 
sure to occur — they occur over and over again to every man — that will 
discover them. He will then soon make up for past arrears, and outstrip 
competitors with very many years’ start, in the race of life. There is an 
obvious analogy between the man of brains and the man of muscle, in 
the unmistakable way in which they may discover and assert their claims 
to superiority over less gifted, but far better educated, competitors. An 
average sailor climbs rigging, and an average Alpine guide scrambles 
along clifEs, with a facility that seems like magic to a man who has been 
reared away from ships and mountains. But if he have extraordinary 
gifts, a very little trial will reveal them, and he will rapidly make up for 
his arrears of education. A bom gymnast would soon, in his turn, astonish 
the sailors by his feats. Before the voyage was half over, he would out- 
run them like an escaped monkey. I have witnessed an instance of this 
myself. Every summer, it happens that some young English toiurist who 
had never previously planted his foot on crag or ice, succeeds in Alpine 
work to a marvellous degree. 

Thus far, I have spoken only of literary men and artists, who, however, 
form the bulk of the 250 per million, that attain to eminence. The reason- 
ing that is true for them, requires large qualifications when "Spplied to 
statesmen and commanders. Unquestionably, the most illustrious states- 
men and commanders belong, to say the least, to tlie classes F and G of 
ability; but it does not at all follow that an English cabinet minister, if he 
be a great territorial lord, should belong to those classes, or even to the 
two or three below them. Social advantages have enormous power in 
bringing a man into so prominent a position as a statesman, that it is im- 
possible to refuse him the title of “eminent,” though it may be more than 
probable that if he had been changed in his cradle, and reared in ob- 
scurity he would have lived and died without emerging from humble life. 
Again, we have seen that a union of three separate qualities — intellect, 
zeal, and power of work — are necessary to raise men from the ranks. Only 
two of these qualities, in a remarkable degree, namely intellect and 
power of work, are required by a man who is pushed into public life; 
because when he is once there, the interest is so absorbing, and the com- 
petition so keen, as to supply the necessary stimulus to an ordinary 
mind. Therefore, many men who have succeeded as statesmen, would 
have been nobodies had they been bom in a lower rank of life: they 
would have needed zeal to rise. Talleyrand would have passed his life 
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in the same way as other grand seigneurs if he had not been ejected from 
his birthright by a family council on account of his deformity, and thrown 
into a vortex of the French Revolution. The furious excitement of the 
game overcame his inveterate indolence, and he developed into the 
foremost man of the period, after Napoleon and Mirabeau. As for sov- 
ereigns, they belong to a peculiar category. The qualities most suitable to 
the ruler of a great nation, are not such as lead to eminence in private 
life. Devotion to particular studies, obstinate perseverance, geniality 
and frankness in social relations, are important qualities to make a man 
rise in the world, but they are unsuitable to a sovereign. He has to view 
many interests and opinions with an equal eye, to know how to yield his 
favourite ideas to popular pressure, to be reserved in his friendships and 
able to stand alone. On the other hand, a sovereign does not greatly need 
the intellectual powers that are essential to the rise of a common man, be- 
cause the best brains of the country are at his service. Consequently, I 
do not busy lAiyself in this volume with the families of merely able sov- 
ereigns, only with those few whose military and administrative capacity 
is acknowledged to have been of the very highest order. 

As regards commanders, the qualities that raise a man to a peerage may 
be of a peculiar kind, such as would not have raised him to eminence in 
ordinary times. Strategy is as much a speciality as chess-playing, and large 
practice is required to develop it. It is diflScult to see how strategical 
gifts, combined with a hardy constitution, dashing courage, and a rest- 
less disposition, can achieve eminence in times of peace. These qualities 
are more likely to attract a man to the hunting-field, if he have enough 
money; or if not, to make him an unsuccessful speculator. It consequently 
happens that generals of high, but not the very highest order, such as 
Napoleon’s marshals and Cromwell’s generals, are rarely found to have 
eminent kinsfolk. Very different is the case with the most illustrious com- 
manders. They are far more than strategists and men of restless dis- 
positions; they would have distinguished themselves under any circum- 
stances. Their kinships are most remarkable, as will be seen in my 
chapter on commanders, which includes the names of Alexander, Scipio, 
Hannibal, Caesar, Marlborough, Cromwell, the Princes of Nassau, Wel- 
lington, and Napoleon. 

Precisely the same remarks are applicable to demagogues. Those who 
rise to the siurface and play a prominent part in the transactions of a 
troubled period, must have courage and force of character, but they need 
not have high intellectual powers. Nay, it is more appropriate that the 
intellects of such men should be narrow and one-sided, and their dis- 
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positions moody and embittered. These are not qualities that lead to 
eminence in ordinary times. Consequently, the families of such men are 
mostly unknown to fame. But the kinships of popular leaders of the high- 
est order, as of the two Gracchi, of the two Arteveldes, and of Mirabeau, 
are illustrious. 

I may mention a class of cases that strikes me forcibly as a proof that a 
sufficient power of command to lead to eminence in troublous times is 
much less imusual than is commonly supposed, and that it lies neglected 
in the course of ordinary life. In beleaguered towns, as, for example, 
during die great Indian mutiny, a certain type of character very fre- 
quently made its appearance. People rose into notice who had never 
previously distinguished themselves, and subsided into their former way 
of life after the occasion for exertion was over; while during the con- 
tinuance of danger and misery, they were the heroes of their situation. 
They were cool in danger, sensible in council, cheerful under prolonged 
suffa4ng, humane to the wounded and sick, encouragers of the faint- 
hearted. Such people wwe formed to shine only under exceptional cir- 
cumstances. They had the advantage of possessing too tough a fibre to be 
crushed by anxiety and physical misery, and perhaps in consequence of 
that very toughness, they required a stimulus of the sharpest kind, to 
goad them to all the exertions of which they were capable. 

The result of what I have said is to show that in statesmen and com- 
manders mere “eminence” is by no means a satisfactory criterion of 
such natural gtfts as would make a man distinguished under whatever 
circumstances he had been reared. On the other hand, statesmen of a high 
order, and commanders of the very highest, who overthrow all opponents, 
must be prodigiously gifted. The reader himself must judge the cases 
quoted in proof of hereditary gifts, by their several merits. I have 
endeavoured to speak of none but the most illustrious names. It would 
have led to false conclusions, had I taken a larger number, and thus 
descended to a lower level of merit. 

In conclusion, I see no reason to be dissatisfied with the conditions of 
accepting high reputation as a very fair test of high ability. The nature of 
the test would not have been altered, if an attempt had beeq made to 
readjust each man's reputation according to his merits, because this is 
what every biographer does. If I had possessed the critical power of a 
Ste. Beuve, I should have merely thrown into literature another of those 
numerous expressions of opinion, by the aggregate of which all reputa- 
tions are built. 
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To conclude: I feel convinced that no man can achieve a very high 
reputation without being gifted with very high abilities; and I trust that 
reason has been given for the belief that few who possess these very 
high abilities can fail in achieving eminence. 


The foregoing consists of the Introductory Chapter 

and Chapters I and II 

from GaUons hereditary centos. 
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V-/' laude Bernard s early ambitions were as nearly irrelevant to his 
later career as can be imagined. He was bom near Villefranche, 
France, in 1813. He was first educated by the Jesuits and then 
proceeded to the college at Lyons, which he soon left to become a 
druggist’s assistant. But his main effort was devoted to the composi- 
tion of a musical farce. The Rose of the Rhdne, which was produced 
and created a local stir. Encouraged, he attempted a prose drama 
in five acts, called Arthur of Britain. Armed witli this work, he went, 
at the age of twenty-one, to Paris, carrying also an introduction to a 
famous literary critic. The latter convinced Bernard that he should 
study medicine instead of write plays! 

Bernard became an interne at the Hdtel-Dieu, worked under the 
physiologist Magendie, became his deputy, and in 1855 succeeded 
him as professor of physiology. He was also named the first profes- 
sor of physiology at the Sorbonne. There was, however, no labora- 
tory in which he could work in the Sorbonne. Bernard acquainted 
Napoleon III of this deficiency in what must have been eloquent 
fashion, for the Emperor not only procured for the physiologist a 
laboratory at the Sorbonne but also built one for him in the Jardin 
des Plantes, and established a professorship which Beipard ac- 
cepted in 1868. He was in the same year admitted to the Institut de 


Notes from the artist: "... a linear study of Bernard enclosed 
by the left and right portions of a reflex arc, while above his head 
floats a facsimile of a drawing of the human nervous system 
by Ardreas Vesalius, sixteenth-century Belgian, 
generally considered the founder of modem anatomy,** 
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France. He died in Paris on February 10, 1878, and received a pub- 
lic funeral. He was the first scientist ever to be accorded this honor 
by France. 

Bernard’s most important work consisted of three great discov- 
eries. The first involved the pancreas gland, which he proved to be 
of fimdamental importance in digestion. The second involved the 
liver. He showed that this organ not only produces bile but also, by 
an ‘mtemal secretion,” forms a starchlike substance named by him 
glycogen, the end product of which is dextrose — sugar. The third 
series of investigations resulted in the discovery of the so-called 
vasomotor nerves, which control the blood vessels. 

Seventeen voliunes of Bernard’s lectures were published during 
his life and after his death. In 1865 he produced the Introduction to 
Experimental Medicine, from which the following selection is taken. 

A long commentary would be necessary to present this splendid 
work to the reader,” wrote Louis Pasteur of Bernard’s Introduction 
to Experimental Medicine; “It is a moniunent raised to honor the 
method which has constituted Physical and Chemical Science since 
Galileo and Newton, and which M. Bernard is trying tojntroduce 
into physiology and pathology. Nothing so complete, so profound, so 
luminous has ever been written on the true principles of the diffi- 
cult art of experimentation . . . This book will exert an immense 
influence on medical science, its teaching, its progress, its language 
even.” 

Concerning the method to which Pasteur refers, Bernard is per- 
fectly clear. It consists in admitting that “the nature or very essence 
of phenomena, whether vital or mineral, will always remain un- 
known,” that “we can learn only relations, and phenomena are 
merely the results of relations,” and that “experience soon teaches us 
that we cannot get beyond the how” of things, “i.e., beyond the im- 
mediate cause or the necessary conditions of phenomena.’* The in- 
troduction of this method into physiology involves the assertion that 
“a living organism is nothing but a wonderful machine ^dowed 
with the most marvellous properties and set going by means of the 
most complex and delicate mechanism.” “Living machines are . . . 
created and constructed in such a way that, in perfecting them- 
selves, they become freer and freer in the general cosmic environ- 
ment. But the most absolute detenninism still obtains, none the 
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less, in the inner environment which is separated more and more 
from the outer cosmic environment, by reason of the same organic 
development.” And “determinism,” according to Bernard, is “the 
foundation of all scientific progress and criticism.” 

Pasteur not only recognized the basic purpose of the book; the 
reader will also discover that his praise of it is merited. Even the 
selection included below can be said to be “complete,” “profound” 
and “luminous.” And Pasteur’s predictions as to its effects were also 
accurate. The work has indeed had a profound influence on medical 
science. Bernard did much to create biochemistry: the science, that 
is, which treats — ^and with what wonderful results we know — the 
living organism as though it were a machine. It has been claimed 
that the theory of vitalism ‘ had to be laid aside before man could 
understand life, and Bernard’s work did much to bring about the 
demise of the old theory. And it is natural that the teaching of 
medicine should have reflected the progress produced in it by the 
ideas of Bernard and others. 

Pasteur was even correct in his prediction that Bernard’s book 
would exert an influence on the language of medicine. The terms 
“internal enviromnent” and “external enviroiunent” became basic to 
the science. They reflected the important conception that is close 
to the heart of Bernard’s idea of living things: that it is impossible, in 
his words, “to imagine a body wholly isolated in nature; it would no 
longer be real, because there would be no relation to manifest its 
existence.” 

Bernard was not only a great theorist; he was also a skillful ex- 
perimenter. In another work, he expounds the principles that should 
underlie all experimentation. “Put off your imagination as you take 
off your overcoat when you enter the laboratory,” he writes, “but 
put it on again, as you do the overcoat, when you leave the labora- 
tory. Before the experiment and between whiles let your imagina- 
tion wrap you around; put it right away from yourself during the 
experiment itself, lest it hinder your observing power.” This is excel- 
lent advice — ^both parts of it. By the use of his metaphor of the 
overcoat, Bernard has neatly expressed the necessary interplay be- 
tween experiment and hypothesis, between deduction and induc- 
tion, between observation and thought. The student of any science 
can learn much from the physiologist Claude Bernard. 

' For a discussion of vitalism, see the introductory note to W5hler's “On the Artificial 
Production of Urea/' Vol. 8, pp. 310-311. 



Experimental Considerations 
Common to Living Things 
and Inorganic Bodies 

T 

JUkhe spontaneity enjoyed by beings endowed with life has been 
one of the principal objections urged against the use of experimentation 
in biological studies. Every living being indeed appears to us provided 
with a kind of inner force, which presides over manifestations of life 
more and more independent of general cosmic influence in proportion as 
the being rises hi^er in the scale of organization. In the higher animals 
and in man, for instance, this vital force seems to result in withdrawing 
the living being from general physico-chemical influences and thus mak- 
ing the experimental approach very difficult. 

Inorganic bodies offer no parallel; whatever their nature, they are all 
devoid of spontaneity. As the manifestation of their properties is there- 
fore absolutely bound up in the physico-chemical conditions surrounding 
them and forming their environment, it follows that the experimenter 
can reach them and alter them at will. 

On the other hand, all the phenomena of a living body are in such 
reciprocal harmony one with another that it seems impossible to separate 
any part without at once disturbing the whole organism. Especially in 
higher animals, their more acute sensitiveness brings with it still more 
notable reactions and disturbances. 

Many physicians and speculative physiologists, with certain anatomists 
and naturalists, employ these various arguments to attack experiiftentation 
on living beings. Th^ assume a vital force in opposition to physico- 
chemical forces, dominating all the phenomena of life, subjecting them 
to entirely separate laws, and making the organism an organized 
whole which the experimenter may not touch without destroying the 
quality of life itself. They even go so far as to say that inorganic bodies 
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and living bodies differ radically from this point of view, so that experi- 
mentation is applicable to the former and not to the latter. Cuvier, 
who shares this opinion and thinks that physiology should be a science of 
observation and of deductive anatomy, expresses himself thus: “All 
parts of a living body are interrelated; they can act only in so far as they 
act all together; trying to separate one from the whole means transfer- 
ring it to the realm of dead substances; it means entirely changing its es- 
sence.“ 

If the above objections were well founded, we should either have to 
recognize that determinism is impossible in the phenomena of life, and 
this would be simply denying biological science; or else we should have 
to acknowledge that vital force must be studied by special methods, and 
that the science of life must rest on different principles from the science 
of inorganic bodies. These ideas, which were current in other times, are 
now gradually disappearing; but it is essential to extirpate their very 
last spawn, licrause the so-called vitalistic ideas still remaining in certain 
minds are really an obstacle to the progress of experimental science. 

I propose, therefore, to prove that the science of vital phenomena must 
have the same foundations as the science of the phenomena of inorganic 
bodies, and that there is no difference in this respect between the prin- 
ciples of biological science and those of physico-chemical science. Indeed, 
as we have already said, the goal which the experimental method 
sets itself is everywhere the same; it consists in connecting natural phe- 
nomena with their necessary conditions or with their immediate causes. In 
biology, since these conditions are known, physiologists can guide the 
manifestation of vital phenomena as physicists guide the natural phe- 
nomena, the laws of which tliey have discovered* but in doing so, ex- 
perimenters do not act on life. 

Yet there is absolute determinism in all the sciences, because every 
phenomenon being necessarily linked with physico-chemical conditions, 
men of science can alter them to master the phenomenon, i.e,, to prevent 
or to promote its appearing. As to this, there is absolutely no question 
in the case of inorganic bodies. I mean to prove that it is the same 
with living bodies, and that for them also determinism exists. 

The manifestation of properties of inorganic bodies is connected with 
surrounding conditions of temperature and moisture by means of which 
the experimenter can directly govern mineral phenomena. Living bodies 
at first sight do not seem capable of being thus influenced by neighbour- 
ing physico-chemical conditions; but that is merely a delusion depending 
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on the animal having and maintaining within himself the conditions 
of warmth and moisture necessary to the appearance of vital phenomena. 
The result is that an inert body, obedient to cosmic conditions, is linked 
with all their variations, while a living body on the contrary remains 
independent and free in its manifestations; it seems animated by an 
inner force that rules all its acts and liberates it from the influence of 
surrounding physico-chemical variations and disturbances. This quite 
diflFerent aspect of the manifestations of living bodies as compared with 
the behaviour of inorganic bodies has led the physiologists, called 
vitalists, to attribute to the former a vital force ceaselessly at war with 
physico-chemical forces and neutralizing their destructive action on the 
living organism. According to this view, the manifestations of life are de- 
termined by spontaneous action of this special vital force, instead of be- 
ing, like the manifestations of inorganic bodies, the necessary results 
of conditions or of the physico-chemical influences of a surrounding en- 
vironment. But if we consider it, we shall soon see that the spontaneity of 
living bodies is simply an appearance and the result of a certain 
mechanism in completely determined environments; so that it will be 
easy, after all, to prove that the behaviour of living bodies, as well as the 
behaviour of inorganic bodies, is dominated by a necessary determinism 
linking them with conditions of a purely physico-chemical order. 

Let us note, first of all, that this kind of independence of living beings 
in the cosmic environment appears only in complex higher animals. In- 
ferior beings, such as the Infusoria, reduced to an elementary organism, 
have no real independence. These creatures exhibit the vital properties 
with which they are endowed, only under the influence of external 
moisture, light or warmth, and as soon as one or more of these condi- 
tions happens to fail, the vital manifestation ceases, because the 
parallel physico-chemical phenomenon has stopped. In vegetables the 
manifestation of vital phenomena is linked in the same way with condi- 
tions of warmth, moisture and light in the surrounding environment. It 
is the same again with cold-blooded animals; the phenomena of life are 
benumbed or stimulated according to the same conditions. Now the in- 
fluences producing or retarding vital manifestations in living beings are 
exactly the same as those which produce, accelerate or retard mani- 
festations of physico-chemical phenomena in inorganic bodies, sO that in- 
stead of following the example of the vitalists in seeing a kind of opposi- 
tion or incompatibility between the conditions of vital manifestations and 
the conditions of physico-chemical manifestations, we must note, on the 
contrary, in these two orders of phenomena a complete parallelism 
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and a direct and necessary relation. Only in warm-blooded animals do 
the conditions of the organism and those of the surrounding envirorunent 
seem to be independent; in these animals indeed the manifestation 
of vital phenomena no longer suffers the alternations and variations that 
the cosmic conditions display; and an inner force seems to join combat 
with these influences and in spite of them to maintain the vital forces in 
equilibrium. But fundamentally it is nothing of the sort; and the sem- 
blance depends simply on the fact that, by the more complete pro- 
tective mechanism which we shall have occasion to study, the warm- 
blooded animals internal environment comes less easily into equilibrium 
with the external cosmic environment. External influences, therefore, 
bring about changes and disturbances in the intensity of organic func- 
tions only in so far as the protective system of the organism’s internal 
environment becomes insufBcient in given conditions. 

Thoroughly to understand the application of experimentation to living 
beings, it is of the first importance to reach a definite judgment on 
the ideas which we are now explaining. When we examine a higher, 
i.e,, a complex living organism, and see it fulfill its different functions in 
the general cosmic environment common to all the phenomena of natme, 
it seems to a certain extent independent of this environment. But this 
appearance results simply from our deluding ourselves about the sim- 
plicity of vital phenomena. The external phenomena which we per- 
ceive in the living being are fundamentally very complex; they are the 
resultant of a host of intimate properties of organic units whose mani- 
festations are linked together with the physico-chemical conditions of the 
internal environment in which they are immersed. In our explanations we 
suppress tliis inner environment and see only the outer environment be- 
fore our eyes. But the real explanation of vital phenomena rests on study 
and knowledge of the extremely tenuous and delicate particles which 
form the organic units of the body. This idea, long ago set forth in biology 
by great physiologists, seems more and more tnie in proportion as the 
science of the organization of living beings makes progress. We must, 
moreover, learn that the intimate particles of an organism exhibit 
their vital activity only through a necessary physico-chemical relation 
with immediate environments which we must also study and know. 
Otherwise, if we limit ourselves to the survey of total phenomena visible 
from without, we may falsely believe that a force in living beings 
violates the physico-chemical laws of the general cosmic environment, 
just as an untaught man might believe that some special force in a 
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machine, rising in the air or running along the ground, violated the laMrs 
of gravitation. Now, a living organism is nothing but a wonderful machine 
endowed with the most marveUous properties and set going by means of 
the most complex and delicate mechanism. There are no forces opposed 
and struggling one with another; in nature there can be only order and 
disorder, harmony or discord. 

In experimentation on inorganic bodies, we need take account of only 
one environment, the external cosmic environment; while in the liigher 
living animals, at least two environments must be considered, the ex- 
ternal or extra-organic environment and the internal or intra-organic en- 
vironment. In my course on physiology at the Faculty of Sciences, I 
explain each year these ideas on organic environment — ^new ideas which 
I regard as fundamental in general physiology; they are also necessarily 
fundamental in general pathology, and the same thoughts will guide us in 
adapting experimentation to living beings. For, as I have said elsewhere, 
the great difSculdes that we meet in experimentally determining vital 
phenomena and in applying suitable means to altering tliem are caused 
by the complexity involved in the existence of an internal organic en- 
vironment. 

Physicists and chemists experimenting on inert bodies need consider 
only the external environment; by means of the thermometer, barometer 
and other instruments used in recording and measuring the properties 
of the external environment, tliey can always set themselves in equivalent 
conditions. For physiologists these instruments no longer suflSce; and yet 
the internal environment is just the place where they should use them. 
Indeed, the internal environment of living beings is always in direct 
relation with the normal or pathological vital manifestations of organic 
units. In proportion as we ascend the scale of living beings, the organism 
grows more complex, the organic units become more delicate and re- 
quire a more perfected internal environment. The circulating liquids, the 
blood serum and the intra-organic fluids all constitute the internal en- 
vironment. 

In living beings the internal environment, which is a true product of 
the organism, preserves the necessary relations of exchange and equilib- 
rium with the external cosmic environment; but in proportion at the or- 
ganism grows more perfect, the organic environment becomes specialized 
and more and more isolated, as it were, from the surrounding en- 
vironment. In vegetables and in cold-blooded animals, as we have said, 
this isolation is less complete than in warm-blooded animals; in the latter 
the blood serum maintains an almost fixed and constant temperature and 
composition. But these differing conditions do not constitute differences of 
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nature in different living beings; they are merely improvements in the 
isolating and protecting mechanisms of their environment. Vital mani- 
festations in animals vary only because the physico-chemical conditions 
of their internal environments vary; thus a mammal, >vhose blood has 
been chilled either by natural hibernation or by certain lesions of the 
nervous system, closely resembles a really cold-blooded animal in the 
properties of its tissues. 

To sum up, from what has been said we can gain an idea of the 
enormous complexity of vital phenomena and of the almost insuperable 
difiBculties which their accurate determination opposes to physiologists 
forced to carry on experimentation in the internal or organic environ- 
ments. These obstacles, however, cannot terrify us if we are thoroughly 
convinced that we are on the right road. Absolute determinism exists 
indeed in every vital phenomenon; hence biological science exists 
also; and consequently the studies to which we are devoting ourselves 
will not all ho useless. General physiology is the basic biological science 
toward which all others converge. Its problem is to determine the ele- 
mentary condition of vital phenomena. Pathology and therapeutics also 
rest on this common foundation. By normal activity of its organic units, 
life exhibits a state of health; by abnormal manifestation of the same 
units, diseases are characterized; and finally through the organic environ- 
ment modified by means of certain toxic or medicinal substances, 
therapeutics enables us to act on the organic units. To succeed in solving 
these various problems, we must, as it were, analyze the organism, as we 
take apart a machine to review and study all its works; that is to say, 
before succeeding in experimenting on smaller units we* must first experi- 
ment on the machinery and on the organs. We must, therefore, have re- 
course to analytic study of the successive phenomena of life, and must 
make use of the same experimental method which physicists and chemists 
employ in analyzing the phenomena of inorganic bodies. The difficulties 
which result from the complexity of the phenomena of living bodies arise 
solely in applying experimentation; for fundamentally the object and 
principles of the method are always exactly the same. 

If the physicist and the physiologist differ in this, that one busies him- 
self with phenomena taking place in inorganic matter, and tlie other 
with phenomena occurring in living matter, still they do not differ in 
the object which they mean to attain. Indeed, they both set themselves a 
common object, viz., getting back to the immediate cause of the phe- 
nomena which they are studying. 

Now, what we call tlie immediate cause of a phenomenon is nothing 
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but the physical and material condition in which it exists or appears. The 
object of the experimental method or the limit of every scientific re- 
search is therefore the same for living bodies as for inorganic bodies; it 
consists in finding the relations which connect any phenomenon with its 
immediate cause, or putting it differently, it consists in defining the 
conditions necessary to the appearance of the phenomenon. Indeed, 
when an experimenter succeeds in learning the necessary conditions of 
a phenomenon, he is, in some sense, its master; he can predict its course 
and its appearance, he can promote or prevent it at will. An experi- 
menters object, then, is reached; through science, he has extended his 
power over a natural phenomenon. 

We shall therefore define physiology thus: the science whose object it 
is to study the phenomena of living beings and to determine the material 
conditions in which they appear. Only by the analytic or experimental 
method can we attain the determination of the conditions of phenomena, 
in living bodies as well as in inorganic bodies; for we reason in identi- 
cally the same way in experimenting in all the sciences. 

For physiological experimenters, neither spiritualism nor materialism 
can exist. These words belong to a philosophy which has grown old; 
they will fall into disuse through the progress of science. We shall never 
know either spirit or matter; and if this were the proper place I should 
easily show that on one side, as on the other, we quickly falHnto scien- 
tific negations. The conclusion is that all such considerations are idle 
and useless. It is our sole concern to study phenomena, to learn their 
material conditions and manifestations, and to determine the laws of 
those manifestations. 

First causes are outside the realm of science; they forever escape us in 
the sciences of living as well as in those of inorganic bodies. The ex- 
perimental method necessarily turns aside from the chimerical search 
for a vital principle; vital force exists no more than mineral force exists, 
or, if you like, one exists quite as much as the other. The word force is 
merely an abstraction which we use for linguistic convenience. For me- 
chanics, force is the relation of a movement to its cause. For physicists, 
chemists and physiologist^, it is fundamentally the same. As the essence 
of things must always remain unknown, we can learn only ^relations, 
and phenomena are merely the results of relations. The properties of liv- 
ing bodies are revealed only through reciprocal organic relations. A 
salivary gland, for instance, exists only because it is in relation with the 
digestive system, and because its histological units are in certain rela- 
tions one with another and with the blood. Destroy these relations by 
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isolating the units of the organism, one from another in thought, and the 
salivary gland simply ceases to be. 

A scientific law gives us the numerical relation of an effect to its cause, 
and that is the goal at which science stops. When we have the law of 
a phenomenon, we not only know absolutely the conditions determining 
its existence, but we also have the relations applying to all its variations, 
so that we can predict modifications of the phenomenon in any given 
circumstances. 

As a corollary to the above we must add that neither physiologists nor 
physicians need imagine it their task to seek the cause of life or the 
essence of disease. That would be entirely wasting one's time in pursuing 
a phantom. The words life, death, health, disease have no objective 
reality. We must imitate the physicists in this matter and say, as Newton 
said of gravitation: “Bodies fall with an accelerated motion whose law 
we know: that is a fact, that is reality. But the first cause which makes 
these bodies tall is utterly unknown. To picture the phenomenon to our 
minds, we may say that the bodies fall as if there were a force of at- 
traction toward the centre of the earth, quasi esset attracHo, But the force 
of attraction does not exist, we do not see it; it is merely a word used to 
abbreviate speech." When a physiologist calls in vital force or life, he does 
not see it; he merely pronounces a word; only the vital phenomenon 
exists, with its material conditions; that is the one thing that he can study 
and know. 

To sum up, the object of science is everywhere the same: to learn the 
material conditions of phenomena. But though this goal is the same in 
the physico-chemical and in biological sciences, it is much harder to 
reach in the latter because of the mobility and complexity of the 
phenomena which we meet. 

We must acknowledge as an experimental axiom that in living beings 
as well as in inorganic bodies the necessary conditions of every phe- 
nomenon are absolutely determined. That is to say, in other terms, that 
when once the conditions of a phenomenon are known and fulfilled, 
the phenomenon must always and necessarily be reproduced at the will 
of the experimenter. Negation of this proposition would be nothing 
less than negation of science itself. Indeed, as science is simply the de- 
terminate and the determinable, we must perforce accept as an axiom 
that, in identical conditions, all phenomena are identical and that, as soon 
as conditions are no longer the same, the phenomena cease to be identi- 
cal. This principle is absolute in the phenomena of inorganic bodies as 
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well as in those of living beings, and the influence of life, whatever view 
of it we take, can nowise alter it. As we have said, what we call vital 
force is a first cause analogous to all other first causes, in this sense, that it 
is utterly unknown. It matters little whether or not we admit that this 
force differs essentially from the forces presiding over manifestations of 
the phenomena of inorganic bodies, the vital phenomena which it governs 
must still be determinable; for the force would otherwise be blind and 
lawless, and that is impossible. The conclusion is that the phenomena 
of life have their special law because there is rigorous determinism in 
the various circumstances constituting conditions necessary to their exist- 
ence or to their manifestations; and that is the same thing. Now in the 
phenomena of living bodies as in those of inorganic bodies, it is only 
through experimentation, as I have already often repeated, that we 
can attain knowledge of the conditions wliich govern these phenomena 
and so enable us to master them. 

Everything so far said may seem elementary to men cultivating the 
physico-chemical sciences. But among naturalists and especially among 
physicians, we find men who, in the name of what they call vitalism, 
express most erroneous ideas on the subject which concerns us. They be- 
lieve that study of the phenomena of living matter can have no relation 
to study of the phenomena of inorganic matter. They look on life as a 
mysterious supernatural influence which acts arbitrarily by freeing itself 
wholly from determinism, and they brand as materialists all who attempt 
to reconcile vital phenomena with definite organic and physico-chemical 
conditions. These false ideas are not easy to uproot when once estab- 
lished in the mind; only the progress of science can dispel them. But 
vitahstic ideas, taken in the sense which we have just indicated, are just 
a kind of medical superstition — a belief in the supernatural. Now, in 
medicine, belief in occult causes, whether it is called vitalism or is other- 
wise named, encourages ignorance and gives birth to a sort of uninten- 
tional quackery; that is to say, the belief in an inborn, indefinable science. 
Confidence in absolute determinism in the phenomena of life leads, on 
the contrary, to real science, and gives the modesty which comes from 
the consciousness of our little learning and the diflSculty of science. This 
feeling incites us, in turn, to work toward knowledge; and tO this feel- 
ing alone, science in the end owes all its progress. 

I should agree with the vitalists if they would simply recognize that liv- 
ing beings exhibit phenomena peculiar to themselves and unknown in 
inorganic natiure. I admit, indeed, that manifestations of life cannot be 
wholly elucidated by the physico-chemical phenomena known in in- 
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organic nature. I shall later explain my view of the part played in biology 
by physico-chemical sciences; I will here simply say that if vital phe- 
nomena diflFer from those of inorganic bodies in complexity and appear- 
ance, this difference obtains only by virtue of determined or determinable 
conditions proper to themselves. So if the sciences of life must differ from 
all others in explanation and in special laws, they are not set apart by 
scientific method. Biology must borrow the experimental method of 
physico-chemical sciences, but keep its special phenomena and its own 
laws. 

In living bodies, as in inorganic bodies, laws are immutable, and the 
phenomena governed by these laws are bound to the conditions on which 
they exist, by a necessary and absolute determinism. I use the word de- 
terminism here as more appropriate than the word fatalism, which some- 
times serves to express the same idea. Determinism in the conditions of 
vital phenomena should be one of the axioms of experimenting physicians. 
If they are tiioroughly imbued with the truth of this principle, they will 
exclude all supernatural intervention from their explanations; they will 
have unshaken faith in the idea that fixed laws govern biological sci- 
ence; and at the same time they will have a reliable criterion for judging 
the often variable and contradictory appearance of vital phenomena. In- 
deed, starting with the principle that immutable laws exist, experimenters 
will be convinced tliat phenomena can never be mutually contradictory, 
if they are observed in the same conditions; and if they show variations, 
they will know that this is necessarily so because of the intervention or 
interference of other conditions wliich alter or mask phenomena. There 
will be occasion thenceforth to try to learn the condibons of these varia- 
tions, for there can be no effect without a cause. Determinism thus be- 
comes the foundation of all scientific progress and criticism. If we find 
disconcerting or even contradictory results in performing an experiment, 
we must never acknowledge exceptions or contradictions as real. That 
would be unscientific. We must simply and necessaiily decide that con- 
ditions in the phenomena are different, whether or not we can ex'plain 
them at the time. 

I assert that the word exception is unscientific; and as soon as laws are 
known, no exception indeed can exist, and this expression, like so many 
others, merely enables us to speak of things whose causation we do not 
know. Every day we hear physicians use the words: ordinarily, more 
often, generally, or else express themselves numerically by saying, for 
instance: nine times out of ten, things happen in this way. I have heard 
old practitioners say that the words “always'* and “never" should be 
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crossed out of medicine, I condemn neither these restrictions nor the use 
of these locutions if they are used as empirical approximations about the 
appearances of phenomena when we are still more or less ignorant of 
tlie exact conditions in which tliey exist. But certain physicians seem to 
reason as if exceptions were necessary; they seem to believe that a vital 
force exists which can arbitrarily prevent things from always happening 
alike; so that exceptions would result directly from the action of mys- 
terious vital force. Now this cannot be the case; what we now call an 
exception is a phenomenon, one or more of whose conditions are un- 
known; if the conditions of the phenomena of which we speak were 
known and determined, there would be no further exceptions, medicine 
would be as free from them as is any other science. For instance, we might 
formerly say that sometimes the itch was cured and sometimes not; but 
now that we attack the cause of this disease, we cure it always. Formerly 
it might be said that a lesion of the nerves brought on paralysis, now 
of feeling, and again of motion; but now we know that cutting the an- 
terior spinal nerve paralyzes motion only. Motor paralysis occurs con- 
sistently and always, because its condition has been accurately determined 
by experimenters. 

The certainty with which phenomena are determined should also be, 
as we have said, the foundation of experimental criticism, whether ap- 
plied to one’s self or to others. A phenomenon, indeed, always appears 
in the same way if conditions are similar; the phenomenon never fails if 
the conditions are present, just as it does fail to appear if the condi- 
tions are absent. Thus an experimenter who has made an experiment, in 
conditions which he believes were determined, may happen not to get 
the same results in a new series of investigations as in his first observa- 
tion; in repeating the experiment, with fresh precautions, it may happen 
again that, instead of his first result, he may encounter a wholly different 
one. In such a situation, what is to be done? Should we acknowledge that 
the facts are indeterminable? Certainly not, since that cannot be. We 
must simply acknowledge that experimental conditions, which we be- 
lieved to be known, are not known. We must more closely study, search 
out and define the experimental conditions, for the facts canUot be con- 
tradictory one to another; they can only be indeterminate. Facts never 
exclude one another, they are simply explained by differences in the con- 
ditions in which they are bom. So an experimenter can never deny a 
fact that he has seen and observed, merely because he cannot rediscover 
it. In the third part of this introduction, we shall cite instances in which 
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the principles of experimental criticism which we have just suggested are 
put in practice. 

As a natural phenomenon is only the expression of ratios and relations 
and connections, at least two bodies are necessary to its appearance. So 
we must always consider, first, a body which reacts or which manifests 
the phenomenon, second, another body which acts and plays the part 
of environment in relation to the first. It is impossible to imagine a body 
wholly isolated in nature; it would no longer be real, because there would 
be no relation to manifest its existence. 

In phenomenal relations, as nature presents them to us, more or less 
complexity always prevails. In this respect mineral phenomena are much 
less complex than vital phenomena; this is why the sciences dealing with 
inorganic bodies have succeeded in establishing themselves more quickly. 
In living bodies, the complexity of phenomena is immense, and what is 
more, th(' bility accompanying vital characteristics makes them much 
harder to grasp and to define. 

The properties of living matter can be learned only through their re- 
lation to the properties of inorganic matter, it follows that the biological 
sciences must have as their necessary foundation the physico-chemical 
sciences from which they borrow their means of analysis and their meth- 
ods of investigation. Such are the necessary reasons for the secondary and 
backward evolution of the sciences concerned with the phenomena of life. 
But though the complexity of vital phenomena creates great obstacles, 
we must not be appalled, for, as we ha\e already said, unless we deny 
the possibility of biological science, the principles of <»cience are every- 
where the same. So we may be sure that we are on the right road and 
that in time we shall reach the scientific result that we are seeking, that is 
to say, determinism in the phenomena of living beings. 

We can reach knowledge of definite elementary conditions of phe- 
nomena only by one road, viz., by experimental analysis. Analysis dis- 
sociates all the complex phenomena successively into more and more 
simple phenomena, until they are reduced, if possible, to just two ele- 
mentary conditions. Experimental science, in fact, considers in a phe- 
nomenon only the definite conditions n- ^^ssary to produce it. Physicists 
try to picture these conditions to themselves, more or less ideally in 
mechanics or mathematical physics. Chemists successively analyze com- 
plex matters; and in tlius reaching either elements or definite substances 
(individual compounds or chemical species), they attain the elementary 
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or irreducible conditions of phenomena. In the same way, biologists should 
analyze complex organisms and reduce the phenomena of life to condi- 
tions that cannot be analyzed in the present state of science. 

Experimental physiology and medicine have no other goal. When faced 
by complex questions, physiologists and physicians, as well as physicists 
and chemists, should divide the total problem into simpler and simpler 
and more and more clearly dejfined partial problems. They will thus re- 
duce phenomena to their simplest possible material conditions and make 
application of the experimental method easier and more certain. All 
the analytic sciences divide problems, in order to experiment better. By 
following this path, physicists and chemists have succeeded in reduc- 
ing what seemed the most complex phenomena to simple properties con- 
nected with well-defined mineral species. By following the same analytic 
path, physiologists should succeed in reducing all the vital manifesta- 
tions of a complex organism to the play of certain organs, and the ac- 
tion of these organs to the properties of well-defined tissues or organic 
units. Anatomico-physiological experimental analysis, which dates from 
Galen, has just this meaning, and histology, in pursuing the same prob- 
lem to-day, is natmally coming closer and closer to the goal. 

Though we can succeed in separating living tissues into chemical ele- 
ments or bodies, still these elementary chemical bodies are not elements 
for physiologists. In tliis respect biologists are more like physicists than 
chemists, for they seek to determine the properties of bodies and are 
much less preoccupied with their elementary composition. In the present 
state of the science, it would be impossible to establish any relation be- 
tween the vital properties of bodies and their chemical composition; be- 
cause tissues and organs endowed with the most diverse properties are 
at times indistinguishable from the point of view of their elementary 
chemical composition. Chemistry is most useful to physiologists in giving 
them means of separating and studying individual compounds, true 
organic products which play important parts in the phenomena of life. 

Organic individual compounds, though well defined in their proper- 
ties, are still not active elements in physiological phenomena; l(ke mineral 
matter, they are, as it ^ere, only passive elements in the orgl^nism. For 
physiologists, the truly active elements are what we call anatomical or 
histological units. Like the organic individual compounds, these are not 
chemically simple; but physiologically considered, they are as simplified 
as possible in that their vital properties are the simplest that we know 
— ^vital properties which vanish v/hen we happen to destroy this ele- 
mentary organized part. However, all ideas of ours alK)ut these elements 
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are limited by the present state of our knowledge; for there can be no 
question that these histological units, in the condition of cells and 
fibres, are still complex. That is why certain naturalists refuse to give 
them the names of elements and propose to call them elementary or- 
ganisms. This appellation is in fact more appropriate; we can perfectly 
well picture to ourselves a complex organism made up of a quantity of 
distinct elementary organisms, uniting, joining and grouping together 
in various ways, to give birth first to the different tissues of the body, 
then to its various organs; anatomical mechanisms are themselves only 
assemblages of organs which present endlessly varied combinations in liv- 
ing beings. When we come to analyze the complex manifestations of any 
organism, we should thwefore separate the complex phenomena and re- 
duc'e them to a certain number of simple properties belonging to ele- 
mentary organisms; then synthetically reconstruct the total organism in 
thought, by reuniting and ordering the elementary organisms, con- 
sidered ct fi* >l separately, then in their reciprocal relations. 

When physicians, chemists or physiologists, by successive experimental 
analyses, succeed in determining the irreducible element of a phe- 
nomenon in the present state of their science, the scientific problem is 
simplified, but its nature is not changed thereby; and men of science are 
no nearer to absolute knowledge of the essence of things. Nevertheless, 
they have gained what it is truly important to obtain, to wit, knowledge 
of the necessary conditions of the phenomenon and determination of the 
definite relation existing between a body manifesting its properties and 
the immediate cause of this manifestation. The object of analysis, in 
biological as in physico-chemical science, is, after all, to determine and, 
as far as possible, to isolate the conditions governing the occurrence 
of each phenomenon. We can act on the phenomena of nature only by 
reproducing the natural conditions in which they exist; and we act the 
more easily on these conditions in proportion as tliey have first been bet- 
ter analyzed and reduced to a greater state of simplicity. Real science 
exists, then, only from the moment when a phenomenon is accurately 
defined as to its nature and rigorously determined in relation to its ma- 
terial conditions, that is, when its law is known. Before that, we have 
only groping and empiricism. 

The most superficial examination of what goes on around us shows 
that all natural phenomena result from the reaction of bodies one 
against another. There always come under consideration the body, in 
which the phenomenon takes place, and the outward circumstance or the 
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environment which determines or invites the body to exhibit its proper- 
ties. The conjunction of these conditions is essential to the appearance 
of the phenomenon. If we suppress the environment, the phenomenon 
disappears, just as if the body had been taken away. The phenomena of 
life, as well as those of inorganic bodies, are thus doubly conditioned. On 
the one hand, we have the organism in which vital phenomena come 
to pass; on the other hand, the cosmic environment in which living 
bodies, like inorganic bodies, find the conditions essential to the appear- 
ance of their phenomena. The conditions necessary to life are found 
neither in the organism nor in the outer environment, but in both at 
once. Indeed, if we suppress or disturb the organism, life ceases, even 
though the environment remains intact; if, on the other hand, we take 
away or vitiate the environment, life just as completely disappears, even 
though the organism has not been destroyed. 

Thus phenomena appear as results of contact or relation of a body with 
its environment. Indeed, if we absolutely isolate a body in our thought, 
we annihilate it in so doing; and if, on the contrary, we multiply its re- 
lations with the outer world, we multiply its properties. 

Phenomena, then, are definite relations of bodies; we always conceive 
these relations as resulting from forces outside of matter, because we 
cannot absolutely localize them in a single body. For physicists, universal 
attraction is only an abstract idea; manifestation of this force requires the 
presence of two bodies; if^only one body is present, we can no longer 
conceive of attraction. For example, electricity results from the action of 
copper and zinc in certain chemical conditions; but if we suppress the 
interrelation of bodies, electricity — an abstraction without existence in 
itself-— ceases to appear. In the same way, life results from contact of the 
organism with its environment; we can no more understand it through 
the organism alone than through the environment alone. It is therefore 
a similar abstraction, that is to say, a force which appears as if it were 
outside of matter. 

But however the mind conceives the forces of nature, that cannot alter 
an experimenter's conduct in any respect. For him the problem re- 
duces itself solely to determining the material conditions in which a phe- 
nomenon appears. These conditions once known, he can then master the 
phenomenon; by supplying or not supplying them, he can make the phe- 
nomenon appear or disappear at will. Thus physicists and chemists exert 
their power over inorganic bodies; thus physiologists gain empire over 
vital phenomena. Living bodies, however, seem at first sight to elude the 
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experimenter's action. We see the higher organisms uniformly exhibit their 
vital phenomena, in spite of variations in the surrounding cosmic environ- 
ment, and from another angle we see life extinguished in an organism 
after a certain length of time without being able to find reasons in the 
external environment for this extinction. But, as we have already said, 
there is an illusion here, resulting from incomplete and superficial analy- 
sis of the conditions of vital phenomena. Ancient science was able to 
conceive only the outer environment; but to establish the science of 
experimental biology, we must also conceive an inner environment. I be- 
lieve I was the first to express this idea clearly and to insist on it, the 
better to explain the application of experimentation to living beings. Since 
the outer environment, on the other hand, infiltrates into the inner en- 
vironment, knowing the latter teaches us the formers every influence. 
Only by passing into the inner, can the influence of the outer environ- 
ment reach us, whence it follows that knowing the outer environment 
cannot ttadt us the actions born in, and proper to, the inner environ- 
ment. The general cosmic environment is common to living and to in- 
organic bodies; but the inner environment created by an organism is 
special to each living being. Now, here is the true physiological environ- 
ment; this it is which physiologists and phvsicians should study and 
know, for by its means they can act on the histological units which are 
the only eflFective agents in vital phenomena. Nevertheless, though so 
deeply seated, these units are in communication with the outer world; 
they still live in the conditions of the outer environment perfected 
and regulated by the play of the organism. The organism is merely a living 
machine so constructed that, on the one hand, the outer environment 
is in free communication with the inner organic 'Environment, and, on 
the other hand, the organic units have protective functions, to place in 
reserve the materials of life and uninterruptedly to maintain the 
humidity, warmth and other conditions essential to vital activity. Sickness 
and death are merely a dislocation or disturbance of the mechanism 
which regulates the contact of vital stimulants \vith organic units. In a 
word, vital phenomena are the result of contact between the organic 
units of the body with the inner physiological environrrumt; this is the 
pivot of all experimental medicine. Physiologists and physicians gain 
mastery over the phenomena of life by learning which conditions, in this 
inner environment, are normal and which abnormal, for the appearance 
of vital activity in the organic units; for apart from complexity of condi- 
tions, phenomena exhibiting life, like physico-chemical phenomena, 
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result from contact between an active body and the environment in 
which it acts. 

To sum up, the study of life includes two things: (1) study of the 
properties of organized units; (2) study of the organic environment, i.e., 
study of the conditions which this environment must fulfill to permit the 
appearance of vital activities. Physiology, pathology and therapeutics rest 
on this double knowledge; apart from this, neither medical science nor 
any truly scientific or effectual therapeutics exists. 

In living organisms it is convenient to distinguish between three lands 
of definite bodies: first, chemical elements; second, organic and inorganic 
individual compounds; third, organized anatomical units. Of about 70 
elements known to chemistry to-day, only 16 are found in that most 
complex of organisms, the organism of man. But these 16 elements com- 
bine with one another to form the various liquid, solid and gaseous sub- 
stances of the organism. Oxygen and nitrogen, however, arc merely dis- 
solved in the organic fluids; and in living beings, seem to act as ele- 
ments. The inorganic individual compounds (earthy salts, phosphati*s, 
chlorides, sulphates, etc. ) are essential constituents in the composition of 
living bodies, but are taken ready-made directly from the outer world. 
Organic individual compounds are also constituents of living bodies, 
but by no means borrowed from the outer world; they are made by the 
vegetable or animal organisjn; among such substances are starch, sugar, 
fat, albumen, etc., etc. When extracted from the body, they preserve their 
properties because they are not alive; they are organic products, but not 
organized. Anatomical units stand alone as organized living parts. These 
parts are irritable and, under the influence of various stimulants, exhibit 
properties exclusively characteristic of living beings. They live and nourish 
themselves, and their nourishment creates and preserves their proper- 
ties, which means that they cannot be cut off from the organism 
without more or less rapidly losing their vitality. 

Though very different from one another in respect to their functions 
in the organism, these three classes of bodies all show physico-chemical 
reactions under the influence of the outer stimuli — warmth, light, elec- 
tricity; but living parts also have the power of being irritable, i.^., reacting 
under the influence of certain stimuli in a way specially characteristic 
of living tissues, such as muscular contraction, nervous transmission, 
glandular secretion, etc. But whatever the variety presented by the 
three classes of phenomena, whether the reaction be physico-chemical 
or vital, it is never in any way spontaneous. The phenomenon always 
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results from the influence exerted on the reacting body by a physico- 
chemical stimulant outside itself. 

Every definite substance, whether inorganic, organic or organized, is 
autonomous; that is to say, it has characteristic properties and exhibits 
independent action. Nevertheless, each one of these bodies is inert, that 
is, it is incapable of putting itself into action; to do this, it must always 
enter into relation with another body, from which it receives a stimulus. 
Tims every mineral body in the cosmic environment is stable; it changes 
its state only when the circumstances in which it is placed are rather 
seriously changed, either naturally or through experimental interference. 
In any organic environment, the substances created by animals and 
vegetables are much more changeable and less stable, but still they are 
inert and exhibit their properties only as they are influenced by agents 
outside themselves. Finally, anatomical units themselves, which are the 
most changeable and unstable of substances, are still inert, that is, they 
never b^cak into vital activity unless some foreign influence invites them. 
A muscle-fibre, for instance, has the vital property peculiar to itself of 
contracting, but this living fibre is inert in the sense that if nothing 
clianges in its environmental or its inner conditions, it cannot bring 
its functions into play, and it will not contract. For the muscular fibre 
to contract, a change must necessarily be produced in it, by its coming 
into relation with a stimulation from without, which may come either 
from the blood or from a nerve. We may say as much of all the histological 
units, nerve units, blood units, etc. Different living units thus play the 
part of stimuli, one in relation to another; and the functional manifesta- 
tions of an organism are merely the expression of their harmonious 
reciprocal relations. The histological units react cither separately or one 
against another by means of vital properties which are themselves in 
necessary connection with surrounding physico-chemical conditions; and 
this relation is so intimate that we may say the intensity of physico- 
chemical phenomena taking place in an organism may be used to meas- 
lue the intensity of its vital phenomena. Tlierefore, as has already been 
said, we must not set up an antagonism betAveen vital phenomena and 
physico-chemical phenomena, but, on the contrary, we must note the 
complete and necessary parallelism between the two classes of phe- 
nomena. To sum up, living matter is no more able than inorganic matter 
to get into activity or movement by itself. Every change in matter im- 
plies intervention of a new relation, f.e.. an outside condition or influ- 
ence. The role of men of science is to try to define and determine the 
material conditions producing the appearance of each phenomenon. 
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These conditions once known, experimenters master the phenomenon 
in this sense, that they can give movement to matter, or take it away, at 
pleasure. 

What we have just said is equally true for the phenomena of living 
bodies and the phenomena of inorganic bodies. Only in the case of the 
complex higher organisms, physiologists and physicians must study the 
stimuli of vital phenomena, not in the relations of the whole organism 
with the general cosmic environment, but rather in the organic conditions 
of the inner environment. Considered in the general cosmic environment, 
the functions of man and of the higher animals seem to us, indeed, free 
and independent of the physico-chemical conditions of the environment, 
because its actual stimuli are found in an inner, organic, liquid environ- 
ment What we see from the outside is merely the result of physico- 
chemical stimuli from the inner environment; that is where physiologists 
must build up the real determinism of vital functions. 

Living machines are therefore created and constnicted in such a way 
that, in perfecting themselves, they become freer and freer in the general 
cosmic environment. But the most absolute determinism still obtains, none 
the less, in the inner environment which is separated more and more 
from the outer cosmic environment, by reason of the same organic de- 
velopment. A living machine keeps up its movement because the inner 
mechanism of the organism, by acts and forces ceaselessly renewed, re- 
pairs the losses involved, in the exercise of its functions. Machines 
created by the intelligence of man, though infinitely coarser, are built in 
just this fashion. A steam engine's activity is independent of outer 
physico-chemical conditions, since the machine goes on working through 
cold, heat, dryness and moisture. But physicists going down into the inner 
environment of the machine find that this independence is only apparent, 
and that the movement of its every inner gear is determined by physical 
conditions whose law they know. As for physiologists, if they can go down 
into the inner environment of a living machine, they find likewise abso- 
lute determinism that must become the real foundation of the science of 
living bodies. 

The nature of our mind leads us to seek the essence or the why of 
things. Thus we aim beyond the goal that it is given us to reach; for 
experience soon teaches us that we cannot get beyond the hoWy i.e., be- 
yond the immediate cause or the necessary conditions of phenomena. In 
this respect the limits of our knowledge are the same in biological as 
in physico-chemical sciences. 
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When, by successive analyses, we find the immediate cause determin- 
ing the circumstances in which a phenomenon presents itself, we reach 
a scientific goal beyond which we cannot pass. When we know that water, 
with all its properties, results from combining oxygen and hydrogen in 
certain proportions, we know everything we can know about it; and that 
corresponds to the how and not to the why of things. We know how 
water can be made; but why does the combination of one volume of 
oxygen with two volumes of hydrogen produce water? We have no idea. In 
medicine it is equally absurd to concern one's self with the question 
“why.” Yet physicians ask it often. It was probably to make fun of this 
tendency, which results from lack of the sense of limits to our learning, 
that Moliere put the following answer into the mouth of his candidate for 
the medical degree. Asked why opium puts people to sleep, he an- 
swered: **Qtiia est in eo virtus dormitiva, cujtis est natura sensus as- 
soup ire [Because it contains a soporific element, whose nature it is to put 
the senses lo sleep].” This answer seems ludicrous and absurd; yet no 
other answer could be made. In the same way, if we wished to answer the 
question: “Why does hydrogen, in combining with oxygen, produce w.a- 
ter?” we should have to answer: “Because hydrogen has the quality of 
being able to beget water.” Only the question "why,” then, is really 
absurd, because it necessarily involves a naive or ridiculous answer. So 
we had better recognize that we do not know; and that the limits of our 
knowledge are precisely here. 

In physiology, if we prove, for instance, that carbon monoxide is 
deadly when uniting more firmly than oxygen with the hemoglobin, we 
know all that we can know about the cause of death. Experience teaches 
us that a part of the mechanism of life is lacking; ox>'gen can no longer 
enter the organism, because it cannot displace the carbon monoxide in its 
union with the hemoglobin. But why has carbon monoxide more affinity 
than oxygen for this substance? Wliy is entrance of oxygen into the 
organism necessary to life? Here is the limit of our knowledge in our 
prf'sent state of learning; and even assuming that we succeed in further 
advancing our experimental analysis, we shall reach a blind cause at 
which we shall be forced to stop, without finding the primal reason for 
things. 

Let us add that, when the relative determinism of a phenomenon is 
established, our scientific goal is reached. Experimental analysis of the 
conditions of the phenomenon, when pushed still further, gives us fresh 
information, but really teaches us nothing about the nature of the phe- 
nomenon originally determined. The conditions necessary to a phenome- 
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non teach us nothing about its nature. When we know that physical and 
chemical contact between the blood and the cerebral nerve cells is 
necessary to the production of intellectual phenomena, that points to 
conditions, but it cannot teach us anything about the primary nature of 
intelligence. Similarly, when we know that friction and that chemical 
action produce electricity, we are still ignorant of the primary nature of 
electricity. 

We must therefore, in my opinion, stop differentiating the phenomena 
of living bodies from those of inorganic bodies, by a distinction based on 
our own ability to know the nature of the former and our inability to 
know that of the latter. The truth is that the nature or very essence of 
phenomena, whether vital or mineral, will always remain unknown. The 
essence of the simplest mineral phenomenon is as completely unknown to 
chemists and physicists to-day as is the essence of intellectual phenomena 
or of any other vital phenomenon to physiologists. That, moreover, is 
easy to apprehend; knowledge of the inmost nature or the absolute, in the 
simplest phenomenon, would demand knowledge of the whole universe; 
for every phenomenon of the universe is evidently a sort of radiation from 
that universe to whose harmony it contributes. In living bodies absolute 
truth would be still harder to attain; because, besides implying knowl- 
edge of the universe outside a living body, it would also ^demand com- 
plete knowledge of the organism which, as we have long been saying, 
is a little world (microcosm) in the great universe (macrocosm). Abso- 
lute knowledge could, therefore, leave nothing outside itself; and 
only on condition of knowing everything could man be granted its attain- 
ment. Man behaves as if he were destined to reach this absolute knowl- 
edge; and the incessant why which he puts to nature proves it. Indeed, 
this hope, constantly disappointed, constantly reborn, sustains and always 
will sustain successive generations in the passionate search for truth. 

Our feelings lead us at first to believe that absolute truth must lie 
within our realm; but study takes from us, little by little, these 
chimerical conceits. Science has just the privilege of teaching us what we 
do not know, by replacing feeling with reason and experience and clearly 
showing us the present boundaries of our knowledge. But by e marvellous 
compensation, science, in humbling our pride, proportionately increases 
our power. Men of science who carry experimental analysis to the point 
of relatively determining a phenomenon doubtless see clearly their own 
ignorance of the phenomenon in its primary cause; but they have become 
its master; the instrument at work is unknown, but they can use it. This 
is true of all experimental sciences in which we can reach only relative 
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or partial truths and know phenomena only in their necessary condi- 
tions. But this knowledge is enough to broaden our power over nature. 
Though we do not know the essence of phenomena, we can produce or 
prevent their appearance, because we can regulate their physico- 
chemical conditions. We do not know the essence of fire, of electricity, 
of light, and still we regulate their phenomena to our own advantage. 
We know absolutely nothing of the essence even of life; but we shall 
nevertheless regulate vital phenomena as soon as we know enough of their 
necessary conditions. Only in living lx)dies these conditions are much 
more complex and more difficult to grasp than in inorganic bodies; that 
is the whole difference. 

To sum up, if our feeling constantly puts the question why, our rea- 
son shows us that only the question how is within our range; for the 
moment, then, only the question how concerns men of science and ex- 
perimenters. If we cannot know why opium and its alkaloids put us to 
sleep, we Cuo l^^^am the mechanism of sleep and know how opium or its 
ingredients puts us to sleep; for sleep takes place only because an active 
substance enters into contact with certain organic substances which it 
changes. Learning these changes will give us the means of producing 
or preventing sleep, and we shall be able to act on the phenomenon 
and regulate it at pleasure. 

In the knowledge that we acquire, we should dislinguish between 
two sets of notions: the first corresponds to the cause of phenomena, the 
second to the means of producing them. By the cause of a phe- 
nomemon we mean the constant and definite condition necess.iry to exist- 
ence; we call this the relative determinism or the how of things, i.r., the 
immediate or determining cause. The means of obtaining phenomena are 
the varied processes by whose aid we may succeed in putting in action 
the single determining cause w'hich produces the phenomenon. The neces- 
sary cause in the formation of water is the combination of two volumes 
of hydrogen with one of oxygen; this is the single cause which always 
determines the phenomenon. We cannot conceive of water apart from 
this essential condition. Subordinate conditions 01 processes in the forma- 
tion of water may be extremely varied; only all these piocesses reach 
the same result, viz., combination of oxygen and hydrogen in invariable 
proportions. I^t us take another example. I assume that we wdsh to 
transform starch into glucose; we have any number of means or processes 
for doing this, but fundamentally there will always be the identical 
cause, and a single determinism will beget the phenomenon. This cause 
is fixation of one more unit of water in the substance, to bring about its 
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transformation. Only we may produce this hydration in any number of 
conditions and by any number of methods: by means of acidulated 
water, of heat, of animal or vegetable enzymes; but all these processes 
finally come to a single condition, hydrolysis of the starch. Tlie determin- 
ism, i.e., the cause of the phenomenon, is therefore single, though the 
means for making it appear may be multiple and apparently very various. 
It is most important to establish tliis distinction especially in medicine, 
where the greatest confusion reigns, precisely because physicians recog- 
nize a multitude of causes for the same disease. To convince ourselves 
of what I am urging we have only to open a treatise on pathology. By 
no means all tlie circumstances enumerated are causes; at most they 
are means or processes by which a disease can be produced. But the real 
and eflFective cause of a disease must be constant and determined, that is 
unique; anything else would be a denial of science in medicine. It is 
true that determining causes are much harder to recognize and define in 
the phenomena of living beings; but they exist nevertheless, in spite of 
the seeming diversity of means employed. Thus in certain toxic phe- 
nomena we see different poisons lead to one cause and to a single 
determinism for the death of histological units, for example, the coagula- 
tion of muscular substance. In the same way, varied circnjmstances pro- 
ducing the same disease must all correspond to a single and determined 
pathogenic action. In a word, determinism which insists on identity of 
effect bound up with identity of cause is an axiom of science which 
can no more be transgressed in the sciences of life than in the sciences of 
inorganic matter. 

We know the phenomena of nature only through their relations with 
the causes which produce them. Now the law of phenomena is nothing 
else than this relation numerically established, in such a way as to let us 
foresee the ratio of cause to effect in any given case. This ratio, estab- 
lished by observation, enables astronomers to predict celestial phenomena; 
this same ratio, established by observation and experiment, again en- 
ables physicists, chemists, physiologists not only to predict the phe- 
nomena of nature but even to modify them at pleasure and to a cer- 
tainty, provided they do not swerve from the ratio which experience has 
pointed out, i.e,, the law. In other terms, we can guide natural phe- 
nomena only by submitting to laws that govern them. 

Ob.servers can only observe natural phenomena; experimenters can only 
modify them; it is not given them to create or to destroy tliem utterly, 
because they cannot change natural law. We have often repeated that 
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experimenters act, not on phenomena themselves, but on the physico- 
chemical conditions necessary to their appearance. Phenomena are just 
the actual expression of the ratio of these conditions; hence, when con- 
ditions are similar, the ratio is constant and the phenomenon identical, 
and when conditions change, there is another ratio, and a diflEerent phe- 
nomenon. In a word, to make a new phenomenon appear, experi- 
menters merely bring new conditions to pass, but they create nothing, 
either in the way of force or of matter. At the end of the last century 
science proclaimed a great truth, to wit, that with respect to matter, 
nothing is lost, neither is anything created in nature; the bodies whose 
qualities ceaselessly vary under our eyes are all only transmutations of 
aggregations of matter of equal weight. In recent times science has 
proclaimed a second truth which it is still seeking to prove and which in 
some sense is truly complementary to the first, to wit, that with respect 
to forces nothing is lost and nothing created in nature; it follows that all 
the infinitely vaiied forms of phenomena in the universe are only 
equivalent transformation of forces, one into another. I reserve for treat- 
ment elsewhere the question whether diflFerences separate the forces 
of living bodies from those of inert bodies; let it suffice for the moment 
to say that the two preceding truths are universal, and that they em- 
brace the phenomena of living bodies as well as those of inert bodies. 

All phenomena, to whatever order they belong, exist implicitly in the 
changeless laws of nature, and they show themselves only when their 
necessary conditions are actualized. The bodies and beings on the surface 
of our earth express the harmonious relation of the cosmic conditions 
of our planet and our atmosphere with the beings and phenomena whose 
existence they permit. Other cosmic conditions would necessarily make 
another world appear in which all the phenomena would occiu- which 
found in it their necessary conditions, and from which would disappear 
all that could not develop in it. But no matter what infinite varieties of 
phenomena we conceive on the earth, by placing ourselves in thought 
in all the cosmic conditions that our imagination can bring to birth, we 
are still forced to admit that this would all take place according to the 
laws of physics, chemistry and physiology, which have existed without 
our knowledge from all eternity; and that whatever happens, nothing is 
created by way either of force or of matter; that only different relations 
will be produced and tlirough them creation of new beings and phe- 
nomena. 

When a chemist makes a new body appear in nature, he cannot flatter 
himself with having created the laws which brought it to birth; he 
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produced only the conditions which the creative law demanded for 
its manifestation. The case of organic bodies is the same. Chemists and 
physiologists, in their experiments, can make new beings appear only 
by obeying the laws of nature which they cannot alter in any way. 

It is not given to man to alter the cosmic phenomena of the whole 
universe nor even those of the earth; but the advances of science en- 
able him to alter the phenomena within his reach. Thus man has already 
gained a power over mineral nature which is brilliantly revealed in the 
application of modem science, still at its dawn. The result of experimental 
science applied to living bodies must also be to alter vital phenomena, 
by acting solely on the conditions of these phenomena. But here our 
difiBculties are greatly increased by the delicacy of the conditions of vital 
phenomena and the complexity and interrelation of all the parts 
grouped together to form an organized being. This is why man can prob- 
ably never act as easily on animal or vegetable, as on mineral, species. His 
power over living beings will remain more limited, especially where they 
form higher, i.e., more complicated, organisms. Nevertheless, the diffi- 
culties obstructing the power of physiologists do not pertain to the nature 
of vital phenomena, but merely to their complexity. Physiologists will first 
begin by getting at phenomena of vegetables and of animals in easier 
relations with the outer cosmic environment. It appears, first sight, as 
if man and the higher animals must escape from its power to change, 
because they seem freed from the direct influence of the outer environ- 
ment. But we know that vital phenomena in man, as in the animals 
nearest him, are connected with the physico-chemical conditions of an 
inner organic environment. This inner environment we must first seek to 
know, because this must become the real field of action for physiology 
and experimental medicine. 


The foregoing is Chapter III from Bernards 

AN INTRODUCTION TO THE STUDY OF EXPERIMENTAL MEDIOKE. 

translated by Henry C. Greene. 
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Xavlov was bom in the district of Ryazan, in Russia, in 1849. 
He studied science and medicine at St. Petersburg and received a 
medical degree in 1883, but he chose to follow a career of research 
rather than practice medicine. In 1891, he was appointed director 
of the physiological department of tlie Institute of Experimental 
Medicine, in St. Petersburg; in 1895, he was made a professor at the 
Medical Academy. Later he was elected to the Russian Academy of 
Sciences and was made a foreign member of the British Royal So- 
ciety. He won the Nobel Prize in 1904 for physiology and medicine 
and continued to accumulate fame and honors for the rest of his 
long life. He died on Febraary 27, 1936. 

Pavlov is best known for his work on eonditioned, or modified, re- 
flexes in experimental animals, but he did research in many areas 
of physiology. He worked on the problem of digestion, and he was 
much concerned, as the following selection shows, with the question 
of the activity of the central nervous system. He was a brilliant ex- 
perimentalist, devising new and original metliods of handling ani- 
mals so that tliey could be observed under normal conditions. He 
was a meticulous scientist who took great care that his laboratory, 
as well as his reasoning, was uncluttered. He has had an important 
influence on the t'ourse which modem psychology has followed. 

T 

X he first thing to consider in the following selection is the title of 
it. It is a “scientific study.” And it is concerned with the “so-called 
psychical processes in tlie higher animals.” The two phrases are both 
significant. 

Pavlov himself emphasizes his use of the word “so-called.” Psyclii- 
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cal processes in higher animals are not directly observable. We can- 
not get into the mind of a dog and see how it works, or if it “works” 
at all. Since this is so, such processes can only be assumed. 

“The naturalist must consider only one thing,” Pavlov writes: 
“what is the relation of this or that external reaction of the animal 
to the phenomena of the external world?” This is what it means to 
him to be “scientific.” In this sense, it is behavior alone that can be 
studied scientifically. It is the obligation of natural science “to as- 
certain completely how a living being maintains itself in constant 
equilibrium with its environment.” Such equilibrium is a matter of 
give-and-take, but its psychological aspects are mysterious. Indeed, 
Pavlov says, the study of the “physiology of the highest parts of the 
central nervous system . . . has been cluttered with foreign ideas, 
borrowed from psychology.” The implication would seem to be that 
psychology is not a natural science, and therefore not relevant to 
Pavlov’s concern. 

This position — that the scientist ought only to investigate the ex- 
ternal behavior of organic as well as inorganic beings — is often taken 
by modem scientists. ( It can be traced back at least as far as Claude 
Bernard.) Behavior can be measured; and measurement has been 
said to be the essence of science. What cannot be measured is il- 
lusory, it is sometimes contended. The supporters o^ the position 
can point to the great success of quantitative methods not only in 
physics and chemistry, but in the biological sciences as well. 

Other modem scientists have wondered whether there is not some- 
thing more to the science of man than Pavlov appears to allow. The 
argument cannot be ended by a few pages, written by exponents of 
either side. It is Pavlov’s ultimate goal that “the human mind will 
contemplate itself not from within but from vdthout.” But it may be 
asked if such a view is sufficient. Is it really possible to understand 
man, or for that matter the outside world, without the view from 
vidthin? 


Notes from the artist; “Diagrammatic designs related to his work 
surround the portrait of Pavlov. Some of the recognizable elements 
are a dog, parotid glands, the sympathetic reflex, and taste buds 
at the back of the tongue, showing sensory impulses toward the braitt.“ 




ScieTitijfic Study of the So-called 
Psychical Processes in the 
Higher Animals ' 


^ subject of today's address,* delivered In honor of Thomas 

Huxley, an eminent representative of natural science and a most 
energetic champion of that greatest biological principle ( the doctrine of 
evolution), is the naturalistic investigation of the psychical proc'esses 
in the higher animal. 

I shall begin with an actual case which occurred in my laboratory a few 
years ago. Among my collaborators was a young doctoirwith an active 
mind capable of appreciating the joys and triumphs of investigation. 
Great was my astonishm'ait when this loyal friend of science became 
profoundly disturbed on hearing of our plans to investigate the 
psychical activity of the dog in that same laboratory and by the same 
means which we had been using for the solution of physiological ques- 
tions. All of our arguments were inefiFective; he prophesied and hoped 
for only failure. The cause of this, as far as we could understand, was his 
idea that the psychical life of man and that of the higher animals was 
so individual and exalted that it not only did not lend itself to investiga- 
tion, but would even be sullied by our rude physiological methods. Al- 
though this, gentlemen, may have been a somewhat exaggerated example, 
I believe it is characteristic and typical. In dealing with the highest vital 

1. In the expression "the so-called psychical process" the reader wi 4 see that the 
author has taken a new position. Now he considers all of his reiults as purely 
physiological. And he rejects definitely the further possibility ol investigating 
subjective states. He be^ns to bring out a mass of evidence in favor of tlie 
purely physiological nature of his data. The artificial conditioned reflex treated of 
in this chapter strengthened his view and gave new possibilities for thorough ex- 
perimentation [Translator]. 

%, Head at the Charing Cross Medical School, London, October i, 1906. 
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phenomena, the fact must not be overlooked that a systematic apprecia- 
tion of natural science to the last limits of Ufe will not be able to avoid 
misconception and opposition from those who are accustomed to re- 
gard these phenomena from another point of view and are convinced that 
this point of view is unassailable. 

This is why I feel it obligatory first to explain exactly and clearly my 
point of view concerning the psychical activities of the higher ani- 
mals, and secondly to pass from the preliminaries to the subject itself 
as soon as possible. I have referred intentionally to psychical activities 
as “so-called.” If the naturalist hopes to make a complete analysis of the 
activity of the higher animals, he has not the right to speak of the 
psychical processes of these animals, and he can not so speak without 
deserting the principles of natural science. This is natural science — 
the work of the human mind applied to nature, and the investigation of 
nature without any kind of assumption or explanation from sources 
other than nature itself. Were the investigator to speak of the psychical 
faculties of the higher animals, he would be transferring ideas from his 
own inner world to nature, repeating the procedm-e of his predecessors 
who were accustomed, on observing nature, to apply to its inanimate 
phenomena their own tlwughts, wishes and sensations. The naturalist 
must consider only one thing; what is the relation of this or that external 
reaction of the animal to the phenomena of the external world? This re- 
sponse may be extremely complicated in comparison with the reactions 
of lower animals, and infinitely complicated in comparison with the 
reaction of any inanimate object, but the principle involved remains the 
same. 

Strictly speaking, natural science is under obligation to determine only 
the precise connection which exists between a given natural phenomenon 
and the response of the living organism to that phenomenon, or, in other 
words, to ascertain completely how a living being maintains itself in con- 
stant equilibrium with its environment. This assertion can hardly be 
contested, and is further supported by the fact that it receives daily 
more and more general acceptance in the investigation of the lower 
and intermediate stages of the zoological scale. The question is simply 
whether this rule is already applicable to the examination of the higher 
functions of the higher vertebrates. A serious endeavor to institute in- 
quiries in that direction is, as it appears to me, the only reasonable 
answer to the question. I and my many collaborators began this work 
some years ago and we have recently devoted ourselves to it almost ex- 
clusively. I would now ask your attention to an account, first, of the 
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most important results of this inquiry, which seem to me to be very in- 
structive; and secondly, to an account of the inferences which may be 
drawn from it. 

Oiu* experiments have been performed exclusively on the dog, in 
which the particular reaction used was an unimportant physiologic proc- 
ess — ^the secretion of saliva. The experimenter was always working with a 
perfectly normal animal; i.e., an animal which was not subjected to 
abnormal influences during the experiment. Exact observations on the 
work of the salivary glands could be made at any moment by means of 
a simple method. Saliva flows, as we all know, when something is given 
the dog to eat or is introduced forcibly into his mouth. Both the quality 
and the quantity of the saliva, under these conditions, is strictly de- 
pendent upon the quality and quantity of the substances brought into the 
dog^ s mouth. In this well-known physiological process we have before us a 
reflex. The idea of reflex action as a special elementary function of the 
nervous system is an old and established truism of physiology. It is the 
reaction of the organism to the external world, effected through the 
nervous system, by which an external stimulus is transformed into a 
nervous process and transmitted along a circuitous route (from the pe- 
ripheral endings of the centripetal nerve, along its fibers to the ap- 
paratus of the central nervous system, and out along the centrifugal path 
until, reaching one or another organ, it excites its activity )rThis reaction 
is specific and permanent. Its specificity is a manifestation of a close and 
peculiar relation of the external phenomenon to the physiological action, 
and is founded on the specific sensibility of the peripheral nerve endings 
in the given nervous chain. These specific reflex actions in normal life, 
or to state it much more accurately, in the absence of abnormal vital con- 
ditions, are constant and unchanging. 

The responses of the salivary glands to external influences are, how- 
ever, not limited by the above-mentioned ordinary reflex actions. We 
all know that the salivary glands begin to secrete not only when the 
stimulus of appropriate substances is impressed on the interior surface of 
the mouth but that they also often begin to secrete when other receptive 
surfaces, including the eye and the ear, are stimulated. The actions last 
mentioned are, however, generally considered apart from physiology and 
receive the name of psychical stimuli. 

We shall take another course, and shall endeavor to restore to physi- 
ology what properly belongs to it. These exceptional manifestations un- 
questionably have much in common with ordinary reflex action. Every 
time that such a flow of saliva begins it is attributable to the occiurence 
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of some special stimulus among the external influences that may be 
recognized. On very careful exercise of his attention the observer per- 
ceives that the number of spontaneous flows of saliva forms a rapidly 
diminishing series, and it is in the highest degree probable that those 
extremely infrequent flows of saliva, for which no particular cause is at 
first sight apparent, are, in reality, the result of some stimulus invisible 
to the eye of the observer. From this it follows that the centripetal paths 
are always stimulated primarily, and the centrifugal paths secondarily, 
with the interposition, of course, of the central nervous system. Now 
these are actually all the elements of a reflex action, the only missing 
points being exact data as to the operation of the stimulus in the central 
nervous system. Are we familiar with this last mechanism in the ordinary 
reflexes? Speaking generally, then, our phenomena are reflexes, but the 
difference between these newly recognized reflexes and the long-known 
ones is certainly immense, for they have been assigned to quite different 
departrneu' of science. Physiology has, therefore, before it the problem 
of evaluating tliis difference experimentally, and of establishing the es- 
sential properties of the reflexes which have been newly recognized. 

In the first place they arise from all the body surfaces which are 
sensitive to stimulation, even from such regions as the eye and the ear, 
from which an ordinary reflex action affecting the salivary glands is never 
known to proceed. It must be mentioned that usual salivary reflexes 
may originate not only from the cavity of the mouth but also from the 
skin and the nasal cavity; the skin, however, produces this effect only 
when it is subjected to some destructive process such as cutting or 
erosion by caustics, while the nasal cavity produces this effect only 
tlirough the contact of vapors or gases, such as ammonia, which cause 
local irritation, but never through the agency of usual odors. In the 
second place, a conspicuous feature of these reflexes is that they are in 
the highest degree inconstant. All stimuli applied to the mouth of the dog 
unfailingly give a positive result with reference to the secretion of 
saliva, but the same objects when presented to the eye, the ear, etc., 
may sometimes be efficient and sometimes not. In consequence only of 
the last-mentioned fact have we provisionally called the new reflexes 
“conditioned reflexes,” and for the sake of distinction we have called 
tlie old ones “unconditioned.” 

The further question naturally arose whether the conditions which de- 
termine the occurrence of the “conditioned reflexes” could be investigated, 
and whether a complete knowledge of the conditions would make it pos- 
sible to impart to these reflexes a character of constancy. Tliis question 
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must be regarded, it seems to me, as answered in the affirmative. I will 
remind you of some well-established laws which have already been pub- 
lished from our laboratory. Every conditioned stimulus becomes totally 
ineffective on repetition. The shorter the interval between the separate 
repetitions of the conditioned reflex the more quickly is this reflex ex- 
tinguished. The extinguishing of one conditioned reflex does not affect 
the operation of the others. Spontaneous restoration of extinguished con- 
ditioned reflexes does not occur until after the lapse of one, two, or more 
hours, but there is a way in which our reflex may be restored im- 
mediately. All thait is necessary is to obtain a repetition of the urv- 
conditioned reflex, as, for instance, by pouring a weak solution of acid 
into the dogs mouth and then either showing it to him or letting him 
smell it. The action of the last-mentioned stimulus, which was previously 
quite obliterated, is now restored in its full extent. The following fact can 
be regularly observed: If for a long time, such as days or weeks continu- 
ously, a certain kind of food is shown to the animal without it being given 
to him to eat, it loses its power of stimulating from a distance, that is, 
its power of acting from the eye, the nose, etc. These last-mentioned facts 
show plainly the close connection which exists between the stimulant 
effects of various properties of the substance — namely, the effects of the 
properties which excite secretion of saliva when the substance is in the 
mouth — and the effects of other properties of the same substance acting 
upon other receptive surfaces of the body. This material gives us the 
ground for assuming that the conditioned reflex in some way originates 
owing to the existence of the unconditioned reflex. And at the same time 
we may perceive the main features of the mechanism which gives rise 
to the conditioned reflex. When an object is placed in the mouth of the 
dog, some of its properties exdte the simple reflex apparatus of the 
sahvary glands; and for the production of our conditioned reflex that ac- 
tion must synchronize with the action of other properties of the same 
object influencing other receptive regions of the body whence the 
excitation is conveyed to other parts of the central nervous system. Just 
as the stimulant effects due to certain properties of an object placed in 
the mouth (unconditioned reflex) may coincide with a number of stimuli 
arising from other objects, so all these manifold stimuli may by fre- 
quent repcjtition be turned into conditioned stimuli for the salivary 
glands. Such stimuli may arise from the man who feeds the dog or who 
forcibly introduces certain articles into the dog's mouth, or they may owe 
their origin to the general environmrat in which this takes place. For this 
reason the above-mentioned experiments, by which the laws of the con- 
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ditioned reflexes must be determined, require for their performance a 
well-trained experimenter who can really investigate only the action of 
the given conditioned stimulus or a definite number of such stimuli, 
without unconsciously introducing new stimuli with each successive repe- 
tition. If tliis last condition is not realized the laws in question will 
naturally be obscured. It must be remembered that in feeding a dog or 
forcing something into his mouth, each separate movement and each 
variation of a movement may by itself represent a conditioned stimulus. 
If that is the case, and if our hypothesis as to the origin of the conditioned 
reflex is correct, it follows that any natural phenomenon chosen at will 
may be converted into a conditioned stimulus. This has, in efiFect, been 
proved to be true. Any visual stimulus, any desired sound, any odor, and 
the stimulation of any part of the skin, either by mechanical means or 
by the application of heat or cold, have never failed in our hands to 
stimulate the salivary glands, although before they were all ineflFective 
for that puipose. This was accomplished by applying the stimuli simul- 
taneously with the action of the salivary glands, their action having 
been evoked by the giving of certain kinds of food, or by forcing certain 
substances into the dogs mouth. These artificial conditioned reflexes,* the 
product of our training, showenl exactly the same properties as the 
previously described natural conditioned reflexes. As regards their extinc- 
tion and restoration they followed essentially the same laws as the 
natural conditioned reflexes.* Tlius we have the right to say that our 
analysis of tlie origin of conditioned reflexes is proved by the facts. 


3. Tlic possibility of cstablishinj; these artificial conditioned reflexes was of Rreat 
importance. First of all it proved that die circumstances which give rise to the 
conditioned reflex . . . are adequately explained by the proposed theory. Besides 
this, the intentional ft)nnation of conditionetl reflexes made possible a more 
thorough and conscious experimentation [Translator]. 

4. Profes.sor Pavlov says {Activitxj of the Cerebral Hemispheres, p. 49): 

Formerly we made a distinction between “natural” and “artificial” conditioned 
reflexes; “natural” reflexcjs being those which appeared to be formed spontane- 
ously as a result of the natural association of, for example, the sight and smell of 
food with the eating of food itself, or of dio procedure of introducing acid or 
some rejectable substances with the acid or the rejectable substance itself, while 
“artificial” reflexes were those which could be fonned as a result of artificially as- 
sociating with the food or rejectable subsi mce, stimuli which in the ordinary 
course of events have nothing in common with food or the rejectable substance. 

At the present time, however, we know that there is not the slightest difference 
in properties between all tliese reflexes, I mention this fact here because the nu- 
merous experiments of the earlier period of our work were carried out with the 
“natural” condiHoned reflexes, and it is from those that I shall draw many 
examples in the present lecture. All the mmieroiis artificial stimuli which we now 
use every day in our experiments were important to us ^ the time of those experi- 
ments because they provided easily controlled, exact, Ad regularly reproducible 
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Now that so much has been adduced on the subject we may advance 
fiurther than was possible at the outset in the understanding of condi- 
tioned reflexes. In the manifestations of nervous energy which have up 
to the present time been submitted to careful scientific examination ( our 
old specific reflex), the stimuli with which we had to do were compara- 
tively few in number, but very constant in their action, and there was 
abundant evidence of a constant connection existing between the ex- 
ternal influences and definite physiological effects. Now, however, in an- 
other more complicated part of the nervous system we encounter a new 
phenomenon, namely, the conditioned stimulus. On the one hand, this 
nervous apparatus becomes responsible in the highest degree, f e , it is 
susceptible to the most varied external stimuli, but, on the other hand, 
these stimuli are not constant in their operation and are not definitely 
associated with certain physiological effects. At any given moment we 
find comparatively few circumstances favorable for these stimuli becom- 
ing active in the organism for a longer or shorter time and producing 
distinct physiological results. 

The introduction of the idea of conditioned stimuli into physiology 
seems to me to be justified for many reasons. In the fiist place, it cor- 
responds to the facts that have been adduced, since it represents a direct 
inference from them. In the second place, it is in agreement with the 
general mechanical hypotheses of natural science. In many kinds of ap- 
paratus and machinery, even of simple construction, certain forces can 
not dev'elop their action unless at the proper time the necessary condi- 
tions are present. In the third place, it is completely covered by the 
ideas of facilitation (bahnung) and inhibition, ideas which haye been 
sufficiently elaborated in recent physiological literature. Finallv, in these 
conditioned stimuli, looked at from the point of view of general biology, 
we have a most perfect mechanism of adaptation, or, what amounts to 
the same thing, a very delicate mechanism for maintaining an equilibrium 
with the surrounding medium. The body has the capacity to react in a 
sensitive way to the phenomena of the outer world which are essential 
to it, because all other phenomena of the outer world, evon the most 
insignificant, coinciding even temporarily with the essential become their 
indicators or, as they may be called, their signalling stimuli. The 
delicacy of the reaction shows itself both in the production of the con- 

sthnuli, and becaiLse they could be applied to check the correctness of our con- 
ception of the mechanism by which natural conditioned reflexes aie form«*d At 
present the artificial stimuli predominate in importance because of the vast field 
of research they have unfolded to u.s and because they came ultimately to pro- 
vide the most important material for our investigation [Translator]. 
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ditioned stimulus and in its disappearance when it ceases to be a proper 
signal. There must be assumed to exist at this point one of the chief 
mechanisms for further discrimination in the nervous system. In view of 
all this, it is permissible, I think, to regard the idea of conditioned 
stimuli as the fruit of previous labors of biologists, and to consider my 
present report as illustrating the result of this work on a most complicated 
subject. It would be unreasonable to attempt to determine at present 
the limits of the immense field thus opened and to partition it. TTie fol- 
lowing must be regarded as, and nothing more than, a provisional arrange- 
ment of material that has been collected, giving only the points in- 
dispensable for purposes of explanation. 

There are reasons for considering the process of the conditioned reflex 
to be elementary, namely, a process which consists only in the coinci- 
dence of any one of the innumerable indifferent external stimuli with a 
state of excitation of a point in a definite part of the central nervous 
system. Now a path is established between the former indifferent stimu- 
lus and this given point. The first argument in favor of this hypothesis is 
the repeated occurrence of this phenomenon: the conditioned reflex 
may be obtained in all dogs, and it may be produced by all imaginable 
stimuli. In the second place, there is the ceitainty of its occurrence; under 
definite conditions it is reproduced inevitably. We see, therefore, that the 
process is not complicated by any other (and unknown) C'onditions. It 
may here be mentioned that various conditioned stimuli which had been 
rendered effective were applied at a distance, as from another room; 
the experimenter, who for the purpose of obtaining the conditioned 
reflex usually either gave the dog something to eat or put a substance 
of some kind into the dog’s mouth, was not now in c^ose proximity to the 
animal, but the result of the stimuli was, nevertheless, the same. 

It has already been slated that every imaginable phenomenon of the 
outer world affecting a specific receptive surface of the body may be con- 
verted into a conditioned stimulus. After conditioned leflexes had been 
obtained from the eye, tlie ear, the nose, and the skin, it was a matter 
of interest to know what relation the cavity of the mouth had to the 
general question, and whether a conditioned reflex originated in the 
mouth, liie answer to the inquiry could not be a simple one, because in 
this case not only the receptive surfaces for the stimuli of the con- 
ditioned and of the unconditioned reflex, but also the stimuli them- 
selves were all brought together. Careful observations, however, have 
made it possible to separate the conditioned stimulus from the uncon- 
ditioned stimulus even in this instance. When inedible, irritant sub- 
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stances were many times in succession forcibly introduced into the dog^s 
mouth, we could observe the following facts; 

If, for instance, a certain amoimt of acid was poured into the dog^s 
mouth many times in succession, on each fresh repetition of this pro- 
cedure, there was regularly a greater flow of saliva; the same thing was 
repeated on a series of successive days until a certain maximum was 
attained, whereupon for a considerable time the secretion remained 
constant. If the experiments were stopped for some days the quantity of 
saliva secreted bt'came much less. This fact could be very simply ex- 
plained as follows. On the first administration of the acid solution the 
secretion of saliva depended principally, or even exclusively, on the un- 
conditioned reflex which the acid caused, while the subsequently oc- 
curring increase in secretion pointed to a conditioned rc^flex gradually 
formed under the influence of the same acid, and having as its receptor 
surface also the mouth cavity. 

We will now consider the conditions which determine the formation 
of conditioned reflexes. This question taken comprehensively is natu- 
rally a vast one. The following account will serve to give you only a 
slight idea of the full compass of this vast subject. 

Although there are great differences in the time required for the estab- 
lishing of a conditioned reflex, some relations have been ^seen to exist. 
From our experiments it is evident that the intensity of the stimulus is 
of essential importance. Wo have some dogs in which the cooling or wann- 
ing of a definite place on the sldn acted as a conditioned stimulus for the 
salivary glands. A temperature of zero or C. in an experiment repeated 
20 or 30 times caused saliva to flow, whilst a temperature of 4® or 5® C. 
in an experiment repeated 100 times gave no effect whatever. Exactly 
the same thing occurs with high temperatures. Heat of 45® C. applied as 
a conditioned stimulus showed similarly no action after even 100 appli- 
cations; a temperature of 50°, on the other hand, caused a secretion of 
saliva after from 20 to 30 applications. In contradistinction to this we 
must state with regard to acoustic stimuli that very loud sounds such 
as the violent ringing of a bell did not, in comparison with weaker 
stimuli, quickly establish a conditioned reflex. It can be assumed that 
powerful acoustic stimuli call out some other important reattion in the 
motor), which hinders the development of tlie salivary re- 
sponse. 

There is another group of related phenomena which deserves men- 
tion. When an odor not naturally exciting the salivary reflex — that of 
camphor, for instance — is by means of a special apparatus diffused, this 
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di£Fusion of the odor must be made to coincide lo or 20 times with the 
action of the unconditioned stimulus, such as acid poured into tlie dog*s 
mouth. But if some of the odoriferous material is added to the acid, the 
new odor after one or two administrations acts as a conditioned stimulus. 
It should be asked whether the important circumstance in this experi- 
ment is the exact coincidence in time of the conditioned reflex or some- 
thing else. 

For the sake of brevity I will entirely omit the technical details, such as 
by what methods the conditioned reflexes are best obtained; whether 
with food or with nonfood substances; how many times the various stimuli 
may be applied in a day, with what length of intermissions, and so on. 
Next in order comes the important question, What are the stimuli that the 
nervous system of the dog recognizes as individual phenomena in the 
outer world? Or, in other words. What are the elements of a stimulus? 
With regard to this a good deal of evidence is in existence already. If 
the applicanon of cold to a definite area of the skin (a circle having a 
diameter of from four to five centimeters) acts as a conditioned stimulus 
for the salivary glands, the application of cold to any other portion of the 
skin causes secretion of saliva on the very first occasion. This shows that 
tlie stimulation by cold is generalized over a considerable part of the skin, 
or perhaps even over the whole of it But the application of cold to the 
skin is very clearly distinguished as such from the application of heat 
and from mechanical stimulation. Each of these stimuli must be elabo- 
rated separately in order to give a conditioned reflex just as in the case 
of cold, the application to the skin of heat as a conditioned stimulus also 
generalizes itself. Tliis is equivalent to saying that if an application made 
to one place on the skin stimulates the salivary gLnds, an application 
made to another cutaneous area will also produce a secretion of saliva. 
Totally different results were yielded by mechanical stimulation of the 
skin, such as rubbing with a coarse brush (by means of a special ap- 
paratus). When tliis treatment applied to a certain area of the sldn had 
become converted into a conditioned stimulus, the same treatment ap- 
plied to another place on the skin remained completely ineffective. 
Other forms of mechanical stimulation, such as pressure with a sharp or a 
blunt object, proved themselves less efttetive. Apparently the first me- 
chanical stimulus formed only a small part of the latter. 

Stimulation by musical sounds or by noises is remarkably convenient 
for determining the discriminating or analytical faculty of the nervous 
system of the dog. In this respect the precision of our reaction is very 
great. If a certain note of an instrument is employed as a conditioned 
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stimulus, it often happens that not only all the notes adjoining it but even 
those differing from it by a quarter of a tone fail to produce any effect. 
Musical timbre (quality) is recognized with similar or even with much 
greater precision. An external agent acts as a conditioned stimulus not 
only when it comes on the scene but also when it disappears, so that 
either its beginning or its end may be made the stimulus. Of course, a 
separate analysis has to be undertaken in order to explain the nature of 
such stimuli. 

We have hitherto spoken of the analytical ability of the nervous 
system as it presents itself to us in, so to say, a finished state. But we 
have now accumulated material which contains evidence of a continuous 
and great increase of this ability if the experimenter persists in sub- 
dividing and varying the conditioned stimuli. Here, again, is a new 
field of enormous extent. 

In the material relating to the various conditioned stimuli, there are 
not a few cases in which can be seen an evident connection between the 
intensity of a stimulus and its effect. As soon as a temperature of 50° C. 
had begun to provoke a flow of saliva, it was found that even 30° C. had 
a similar but lesser effect. An analogous result may be observed in cases 
of mechanical stimulation. A diminished rate of rubbing with the bnish 
(5 strokes instead of 25 to 30 strokes per minute) gives less^aliva than the 
ordinary rate of rubbing, and accelerated rubbing ( up to 60 strokes per 
minute) gives more saliva. 

Furthermore, combinations consisting of stimuli of the same kind and 
also of stimuli of different kinds were tried. The simplest example is a 
combination of different musical tones, such as a chord consisting of 
three tones. When this is employed as a conditioned stimulus, the tones 
played in pairs and each separate tone of the chord produce an effect, 
but the pairs produce less saliva than the three together, and the notes 
played separately less than those played in pairs. The case becomes more 
complicated when we employ as a conditioned stimulus a combination 
of stimuli of different kinds, that is, of stimuli acting upon different 
receptive surfaces. Only a few of such combinations have been pro- 
visionally experiment^ with. In these cases, one of the stimuli generally 
became a conditioned stimulus. In a combination in wlilch rubbing 
and cold were employed the former was preponderant as a conditioned 
stimulus, while the application of cold taken by itself produced an 
effect hardly perceptible. But if an attempt is made to convert the 
weaker stimulus separately into a CK^nditioned stimulus it soon acts 
energetically. If we now apply the two stimuli together, we have be- 
fore us an increased effect resulting from the summation of stimuli. 
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The following problem had for its object the explanation of what hap- 
pens to an active conditioned stimulus when a new stimulus is added to 
it. In the cases that we examined we saw that the action of the previously 
formed conditioned stimulus was disturbed when a new stimulus of like 
kind was added to it. A new similar odor inhibited the operation of an- 
other odor which was already a conditioned stimulus; a new musical 
note likewise impeded the action of a note employed as a conditioned 
stimulus, and just previously applied. It is not without interest, I think, 
to mention that we started with these experiments with another object 
in view. We were intending to form a new conditioned reflex with the 
aid of another conditioned reflex which had been previously formed. 
We accordingly experimented with combinations of dissimilar stimuli. 
Researches in this direction are well advanced. We b'^ve to discriminate 
between diflFerent cases. Some examples may be given. Scratching (or 
nibbing with a brush) may be a ready and eflFective conditioned stimu- 
lus. When we add to it the ticking of a metronome, applying both stimuli 
simultaneously, the scratching immediately loses its efiflcacy as a stimulant 
during the first applications (first phase); and this loss extends over some 
days but returns again, notwithstanding the addition of the metronome, 
and now our double stimulus has nearly the same effect as the scratching 
alone (second phase); later, scratching, when applied simultaneously 
with the metronome, ceases to act and the influence of this double 
stimulus now comes to an end altogether (third phase). When the glare 
of an ordinary electric lamp is added to scratching which is a conditioned 
stimulus, the scratching at first produces exactly the same effect as be- 
fore when it was without the lamp, but afterwards the combination of 
scratching and the luminous stimulus ceases to act.® Apparently a phe- 
nomenon of the same kind was observed when the action of other me- 
chanical stimuli was experimented with instead of the sciatching which 
had been made to play the part of a conditioned stimulus. In the first 
place, secretion of saliva was caused by pressure with a sharp as well as 
with a blunt object, but to a less degree than by scratching; on repeti- 
tion, however, the effect of the pressure stimulus became progressively 
less, until finally, it altogether disappeared. 

We may assume that a part of the stinmlation by tlie sharp and blunt 


5. As in both these cases the action of the new agent which checks the activity of 
the conditioned agt*nt, mast be especially elaborated by coincidence of the condi- 
tioned stimuli with this new agent (in the cases cited, metronome or hght) and 
with lack of activity, i.e., elaborated in a direction opposite to that of the condi- 
tioned stimulus, this new agent was desitjnated as a conditioned tnhihitof and the 
corresponding process as* conditioned inhibition The building up of this conditioned 
inhibition [is discussed elsewhere by Pavlov]. [Translator.] 
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objects was identical with scratching, and that this component was re- 
sponsible for die action of these objects during their first applications. 
But a part of the action was special; it led in the course of time to a 
destruction of the influence of the first. In these inhibitions we see the 
following phenomenon which in all experiments of this kind is regularly 
repeated. After a conditioned stimulus had been applied together with 
another one which inhibited its action, the effect of the first one tried 
alone was greatly weakened, and sometimes even arrested completely. 
Ibis is eidier an aftereffect of the inhibiting stimulus whidh was 
added, or it is the extinguishing of the conditioned reflex because in the 
experiment with the added stimulus the conditioned reflex had not been 
strengthened by the unconditioned reflex. 

The inhibition of the conditioned reflex is observed also in the con- 
verse case. When you have a combination of agents acting as a condi- 
tioned stimulus, in which, as has been aheady stated, one of the agents 
by itself produces almost no effect, then frequent repetition of the power- 
fully acting stimulus alone, without the other one, leads to a marked 
inhibition of its action, almost to the point of its annihilation. The relative 
magnitudes of all these manifestations of stimulation and inhibition are 
closely dependent on the conditions under which they originate. 

The following is an example. We assume that the stimulus of scratching 
is acting as a conditioned reflex in the following manner: In die first place 
nothing but scratching was employed for 15 seconds, then acid was 
poured into the dog’s mouth, scratching being continued up to the 
end of one minute. If you now apply scratching for a full minute, you get 
a copious secretion of saliva. Try to keep up this reflex, that is, continue 
the scratching for a second minute, and only then pour add into the 
do^s mouth. If you do this several times in succession, the effect of the 
scratching will quickly diminish during the first minute and will ulti- 
mately cease altogether. In order that the scratching may regain its 
efiBdency during the first minute, it is only necessary to repeat the ex- 
periment several times; indeed, its effect will be even greater than it was 
in the previous experiments. 

We have observed a similar course of events also in the exact measure- 
ment of the inhibitory effect. 

Finally, it may be mentioned that the attempt was made to form 
conditioned reflexes from the traces * of the latest remnants or afteref- 

6. Trace leflexet are the remnants of the excitations in the central nervous system. 

Hie traces of the excitation are supposed to function as signals for the setting in of 

the action. As stated in the text, th^ coodiUcmed trace reflexes have quite peculiar 
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fects, both of a conditioned and of an unconditioned stimulus. This was 
accomplished by aUowing a conditioned stimulus to act for one minute 
immediately before the unconditioned stimulus, or by even three minutes 
earlier. There was always an interval of a few seconds to several minutes 
between the stimuli. In all these cases the conditioned reflex developed. 
But in the cases in which the conditioned stimulus was applied three 
minutes before the unconditioned one, and was separated from the latter 
by an interval of two minutes, we obtained a result which, although 
quite unexpected and extremely peculiar, always occurred. When scratch- 
ing, for example, was applied to a certain spot on the skin as a 
conditioned stimulus, after it became active we found that scratching 
of any other place also produced an effect; cold or heat applied to the 
skin, new musical sounds, optical stimuli, and odors — all these had the 
same effect as the conditioned stimulus. The unusually copious secretion 
of saliva and the extremely expressive movements of the animal attracted 
our attention. During the action of the conditioned stimulus the dog 
behaved exactly as if the acid which served as the unconditioned stimu- 
lus had been actually poured into its mouth. 

It may appear that this phenomenon is of a different order from those 
with which we have hitherto been occupied. The fact is that in the 
earlier experiments at least one coincidence of the conditioned stimulus 
with the unconditioned one was necessar)^; but in these experiments, 
phenomena which had never occurred simultaneously with an uncon- 
ditioned reflex were acting as conditioned stimuli. Here an unquestion- 
able difference naturally comes to light, but at the same time there is 
seen an essential property of these phenomena which they have in 
common with the former ones, that is, the existence of an easily excitable 
point in the central nervous system, to which, as a result of its condition, 
are directed all the essential stimuli from the external world that affect 
the cells of the highest parts of the brain. 

I now bring to a close my cursory and very incomplete summary of 
the data which have been obtained in this new field of research. Three 
characteristic features of this subject deeply impress the investigator. 
In the first place, these phenomena are easily accessible for exact investi- 
gation, being in this respect scarcely inferior to the ordinary physio- 
logical phenomena. I refer to the ease with which they may be repeated 
— beyond all expectation — to their uniformity under similar conditions 


properties. The reader Will meet with references to them at several places through- 
out the lectures. [Translator.] 
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of experimentation, and to the fact that they are suitable for experimental 
analysis. In the second place, there is the possibility of considering this 
subject objectively. The introduction of a few subjective considerations 
which we admitted now and again for purposes of comparison seemed on 
further reflection to be an act of violence or an affront to a serious in- 
tellectual endeavor. In the third place, the subject involves an unusual 
number of stimulating questions for the investigator. 

Under what heading is the subject to be classified? To what part of 
physiology does it correspond? The reply to this question presents no 
diflBculties. It corresponds partly to w'hat was, in former days, the physi- 
ology of the special sense organs, and partly to tlie physiology of the 
central nervous system. 

Up to the present time the physiology of the eye, ear, and other 
receptor organs has been regarded almost exclusively in its subjective 
aspect; this presented some advantages, but at the same time, of course, 
limited the range of inquiry. Investigation by the method of condi- 
tioned stimuli in higher animals avoids this limitation, and a number of 
important questions in this field of research can be at once examined 
with the aid of all the immense resources which experiments on animals 
place in the hand of the physiologist. Owing to the shortness of the time 
that remains it is impossible to give illustrations of such questions. The 
investigation of conditioned reflexes is even of greater importance for 
the physiology of the highest parts of the central nervous system. 
Hitherto this department of physiology, throughout most of its extent, 
has been cluttered with foreign ideas, borrowed from psychology, but 
now there is a possibility of its being liberated from such harmful de- 
pendence. The conditioned reflexes disclose before us the vast field 
of the relations and reactions of animals to nature; this is a subject of 
immense extent and one that must be treated objectively. The physiol- 
ogist can and must examine these reactions, using in connection with 
them progressive and systematic removal of parts of the central nervous 
system in order that he may ultimately arrive at an exact knowledge 
of the mechanism involved. And here arise at once some urgent and 
practical questions. 

Still one point remains. What relation is there between psychological 
data and the facts just described? What points of mutual correspondence 
are there? Who will occupy himself with these relations? and when? This 
relationship may be interesting even now, but it must be c^onfessed that 
physiology has at present no serious reason for discussing it. Its immediate 
problem is to collec^t and to analyze the endless amount of objective 
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material which presents itself. But it is plain that the conquest which 
physiology has yet to make consists for the most part of the actual solu- 
tion of those questions which hitherto have vexed and perplexed hu- 
manity. Mankind will possess incalculable advantages and extraordinary 
control over human behavior when the scientific investigator will be 
able to subject his fellow men to the same external analysis as he would 
employ for any natural object, and when the human mind will con- 
template itself not from within but from without. 

Must I say something about the relationship which exists between 
medicine and the subject of my address? Physiology and medicine are 
fundamentally inseparable. If the physician is in his actual practice, and 
even more important, in his ideals, a mechanic of the human organism, 
then inevitably every fresh discovery in physiology will sooner or later 
increase his power over this extraordinary machine, his power to conserve 
and repair this mechanism. It is extremely gratifying to me that in honor- 
ing the memory of a great naturalist and man of science I am able to 
make use of ideas and facts which from this single successful point of 
view promise to throw light upon the Iiighest and most complicated 
part of the animal mechanism. I am fully persuaded of, and boldly 
express my confidence in, the ultimate triumph of this new method of 
research and I avow it the more fearlessly because Thomas Huxley, who 
is an example to all of us, fought with rare courage for the freedom and 
the rights of the scientific point of view. 


The foregoing comprises Chapter IV 

of LECTIJRF^ ON CONDITIONED REFLFJCES. 

Translated by W. Horsley Gantt. 
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JP^edrich Wohler was bom near Frankfurt am Main, Germany, 
in 1800. He studied at Heidelberg, where he worked in Gmelin’s 
laboratory. Gmelin told him that he need not attend the chemistry 
lectures, as they would be, for him, a waste of time. He took a degree 
in medicine but was persuaded to devote himself to chemistry. He 
studied in Sweden and taught at Bcrhn and Cassel; in 1836 he was 
appointed professor of chemistry at Gottingen, in which position he 
remained until his death. He made Gottingen famous for its depart- 
ment of chemistry, and many prominent chemists were trained by 
him. 

Wohler's greatest singlfe contribution to the science of chemistry 
was the synthesis of urea, his paper on which follows. This important 
work was done when he was only twenty-eight. He also, in com- 
pany with the chemist Justus von Liebig, laid the foundations of or- 
ganic chemistry — the chemistry of carbon compounds. He isolated, 
analyzed and studied many elements and compounds, the most 
notable among them being perhaps aluminum. His studies touched 
upon practically every known element. In his youth, chemistry was 
an open field of endeavor. Because of his work and that of otliers, 
the science of chemistry was divided into various special fields of 
investigation; now no man can do the kind of wide-ranging ex- 
perimentation that Wbhler so much enjoyed. 

Wbhler published more than 300 papers and memoirs on chemical 
subjects. He received many honors. He died in Gottingen on Sep- 
tember 23, 1882. 

I^esearch gave the unexpected result,” Wbhler writes, “that by the 
combination of cyanic acid witl> ammonia, urea is formed, a fact 
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Uiat is noteworthy since it furnishes an example of the artificial 
production of an organic, indeed a so-caUed animal substance, from 
inorganic materials.” The fact was indeed noteworthy. For with 
these few lines, and the short paper that supported them, a new 
epoch in thought was inaugurated. If an organic substance could be 
made in the laboratory out of inorganic materials, where was the 
essential dividing line between life and non-life? 

Aristotle held that living things acted in a diflFerent way from non- 
living ones.' Each living thing had a principle of life, an entelechy, 
wliich naturally defined its form and function. This view was not 
seriously disputed until the seventeenth century, when Descartes 
suggested that animals, if not men, were machines subject to the 
basic mechanical laws that governed all natural things, living or 
non-living.* Descartes’ idea was not a popular one. The theory of 
“vitalism” countered it. To vitalists, the word “machine” expressed 
exactly what the animal body was not. Living organisms were not 
governed by physical and chemical laws, but by laws of a com- 
pletely different kind. Wohler’s three pages delivered an exacting 
challenge to vitalism. 

Wohler does not mention vitalism. Humbly, in true scientific fash- 
ion, he refrains “from the considerations which so naturally offer 
themselves as a consequence of these facts.” He notes, however, with 
wonderful diffidence, that “from furtlier experiments on these and 
similar cases, a general law might be deduced.” He did not have 
to plunge into the controversy which continues to our day. He knew 
what he had done, and he knew also that other men would not re- 
frain from consideration of the consequences of it. 

What is life? Is there something mysteriously different about it, or 
is the difference between living and non-living things merely a mat- 
ter, as some modem scientists say, of the relative size of molecules? 
An answer to this question — one which is completely satisfactory to 
everybody — ^may never be forthcoming. But the answer, whatever 
its form, will have to take into account this paper of Wohler’s, writ- 
ten by a twenty-eight-year-old chemist who did not have to attend 
class because he already knew so much. 

‘ See Great Books of the Western World, Vol. 8, On the Soul, pp. 642-644. 

* See Great Books of the Western World, Vol. 31, Discourse on Method, p. 59. 



On the Artificial 
Production of Urea 


n a brief earlier communication, printed in Volume III of these 
Annals, I stated that by the action of cyanogen on liquid ammonia, be- 
sides several other products, there are formed oxalic acid and a 
crystallizable white substance, which is certainly not ammonium cyanate, 
but which one always obtains when one attempts to make ammonium 
cyanate by combining cyanic acid with ammonia, e.g., by so-called double 
decomposition. The fact that in the union of these substances they appear 
to change their nature, and give rise to a new body, drew my attention 
anew to this subject, and research gave the unexpected result that by 
the combination of cyanic acid with ammonia, urea is formed, a fact that 
is noteworthy since it furnishes an example of the artificial production of 
an organic, indeed a so-called animal substance, from inorganic materials. 

I have already stated that the above-mentioned white crystalline sub- 
stance is best obtained by breaking down silver cyanate with ammonium 
chloride solution, or lead cyanate with liquid ammonia. In the latter way 
I prepared for myself the not unimportant amounts employed in this 
research. It was precipitated in coloiurless, transparent crystals, often 
more than an inch long, . . . 

With caustic soda or chalk this substance developed no trace of am- 
monia; with acids it showed none of the breakdown phenomena of 
cyanates which occur so easily, namely, the evolution of carbon dioxide 
and cyanic acid; neither could the lead and silver salts be precipitated 
from it, as from a true cyanate; it could thus contain neither cyanic acid 
nor ammonia as such. Since I found that by the last named method of 
preparation no other product was formed and the lead oxide was sepa- 
rated in a pure form, I imagined that an organic substance might arise by 
the union of cyanic acid with ammonia, possibly a substance like a 
vegetable salifiable base. I therefore made some experiments from this 
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point of view on the behaviour of the crystalline substance to acids. But 
it was indifferent to them, nitric acid excepted; this, when added to a 
concentrated solution of the substance, produced at once a precipitate of 
glistening scales. After these had been purified by several recrystalliza- 
tions, they showed very acid characters, and I was already inclined to 
take the compound for a real acid, when I found that after neutralization 
with bases it gave salts of nitric acid, from which tlie crystallizable sub- 
stance could be extracted again with alcoliol, with all the characters it 
had before the addition of nitric acid. This similarity to urea in be- 
haviour induced me to make parallel experiments with perfectly pure 
urea separated from urine, from which I drew the conclusion that with- 
out doubt urea and this crystalline substance, or ammonium cyanate, if 
one can so call it, are absolutely identical compounds. 

I will describe the behaviour of this artificial urea no further, since it 
coincides perfectly with that of urea from urine, according to the ac- 
counts of Proust, Prout and othcis, to be found in their writings, and I 
will mention only the fact, not specified by them, that botli natural and 
artificial urea, on distillation, evolve first large amounts of ammonium 
carbonate, and then give off to a remarkable extent the stinging, acetic- 
acid-like smell of cyanic acid, exactly as I found in the distillation of 
mercuric cyanate or uric acid, and especially of the mercury salt of uric 
acid. In the distillation of urea, another white, apparently distinct sub- 
stance also appears, wuth the examination of wliich I am still occupied. 

But if the combination of cyanic acid and ammonia actually givers urea, 
it must have exactly the composition allotted to ammonium cyanate by 
calculation from my composition formula for the cyanates; and this is in 
fact the case if one atom of water is added to ammonium cyanate, as all 
ammonium salts contain water, and if Front's analysis of urea is taken 
as the most c*orr(*ct. According to him, urea consists of 


Nitrogen 

46.650 

4 atoms 

Carbon 

19.975 

2 atoms 

Hvdn)gen 

6.670 

8 atoms 

Oxygen 

26 650 

2 atoms 


99.875 



But ammonium cyanate would consist of 56.92 cyanic acid, 28.14 am- 
monia, and 14.75 water, which for the separate elements gives 


Nitrogen 

46,78 

4 atoms 

Carbon 

20.19 

2 atoms 

Hvcliogen 

6,59 

8 atoms 

Oxygen 

26.24 

2 atoms 


99'8d 
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One would have been able to reckon beforehand that ammonium cya- 
nate with 1 atom of water has the same composition as lurea, without hav- 
ing discovered by experiment the formation of urea from cyanic acid 
and ammonia. By the combustion of cyanic acid with copper oxide one 
obtains 2 volumes of carbon dioxide and 1 volume of nitrogen, but by 
the combustion of ammonium cyanate one must obtain equal volumes of 
these gases, which proportion also holds for urea, as Prout found. 

I refrain from the considerations which so naturally ofFer themselves 
as a consequence of these facts, e.g., with respect to the composition 
proportions of organic substances, and the similar elementary and quanti- 
tative composition of compounds of very different properties, as for exam- 
ple fulminic acid and cyanic acid, a liquid hydrocarbon and olefiant gas 
(ethylene). From further experiments on these and similar cases, a gen- 
eral law might be deduced. 



Sir Charles Ljell 

1797-1875 


p 

harles Lyell was bom in Scotland in 1797, the son of a botanist 
and translator of Dante. Like his father, he was for a time divided in 
his choice of a career. At Oxford he studied science, but to earn his 
bread he prepared for the law. He entered Lincoln's Inn and was 
called to the bar in 1825. But he had become progressively more 
drawn to science; and, after a conflict which lasted several years, 
he gave up the law and devoted himself entirely to geology. His 
major work. The Principles of Geology, was completed, in its first 
edition at least, by the time he was thirty-six years old. 

A great theorist, Lyell was also a painstaking observer. He 
studied the marine remains of the Italian Tertiary strata and gave 
the names Eocene, Miocene, and Pliocene to the various ages of 
the earth. He traveled through Scandinavia and wrote a paper about 
Swedish mountains. He visited America twice, where he estimated 
the rate of recession of Niagara Falls, the average yearly increase of 
the Mississippi Delta, and the composition of the underlying 
vegetable matter of the Gieat Dismal Swamp, in Virginia. With an- 
other geologist, he discovered the earliest knosvn land shell. 

Unlike his friend Charles Darwin, Lyell was knighted by Queen 
Victoria, and later created a baronet. Though he accepted Darwin’s 
theory — ^lie had, indeed, helped to inspire it with his own work — 
Lyell was not attacked for his views. It may be that geology is less 
controversial than anthropology. He died, full of years and honors, 
on Febmary 22, 1875, and was buried in Westminster Abbey. 

yell’s teacher at Oxford, Dr. Buckland, was a “catastrophist.” 
Catastrophism maintained that the earth’s present conformation was 
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the result of a series of geological crises, ending with the Biblical 
flood. This was an old idea, and it was still commonly believed in 
Lyell's youth. 

In the centuries before Lyell, men looked at the earth and saw 
that it was changing, in its main characteristics, very slowly. There 
was, nevertheless, evidence that it had once been very different 
The two facts would not have given trouble if devout Christians 
had not also believed tliat the earth was comparatively young. As 
late as 1800, it was widely held that the world had been created in 
4004 B.C. Catastrophism seemed the only way out of the dilemma. 

It was impossible to deny the slowness of geological change. 
Mountains do not rise overnight, and rivers wear away their valleys 
at a pace imperceptible even to generations. It was also impossible 
to deny the differences in the past. Marine fossils were discovered 
hi^ above present sea level. Whole continents had apparently 
changed their shape. Thus, if catastrophism was unacceptable, 
something else had to give way. 

What gave way was the view of the age of the earth. The effect 
of Copernicus had been immensely to increase the size of the uni- 
verse. The effect of Lyell was immensely to increase its age. Lyell’s 
Principles of Geology showed, beyond the possibility of reasonable 
doubt, that the earth was unimaginably old. His later studies, in 
which he supplied evidence of the antiquity of man, so useful to 
Darwin, were as nothing to his proofs of the antiquity of fossils 
like Pupa vetusta, the earliest known land shell. If that httle shell 
was as old as he said it was, much that men believed in would have 
to be given up. 

Darwin, for example, received from Lyell a fact essential to his 
theory of natural selection. Darwin had derived from Malthus the 
idea that the pressure of enviromnent, the “struggle for existence,” 
might be the cause of selection. But he could not see, as long as 
he believed that the world was only a few thousand years old, how 
the evolution of species could have occiured. When he lead Lyell, 
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his eyes were opened. Now there was plenty of time. Age after age 
stretched out behind the present, during which the slow, cumula- 
tive changes that his hypothesis called for could have taken place. 

There may have been other effects of Lyell's work. The Copemi- 
can Revolution is said to have been one of the greatest shocks that 
mankind ever experienced. Infinite space “terrified” Pascal. Was it 
ako disturbing to discover that a man s lifetime, once thought to be a 
significant portion of the total life of the earth, was no more than 
an infinitesimal part of it? 

On the other hand, if the earth had great antiquity, was it not ako 
reasonable to believe that its future might be equally vast in ex- 
tent? Those who believed that the world had been created in 
4004 B.c. also believed that it would end fairly soon. Was it possible 
now to envision an almost unlimited future, in which mankind could 
shape a better, a more just and satisfying, existence? 



Geological Evolution 

from The Principles of Geology 


-J2JL JliL aving considered, in the preceding volumes, the actual op- 
eration of the causes of change which affect the earth’s surface and its 
inhabitants^ we are now about to enter upon a new division of our in- 
quiry, and shall therefore offer a few preliminarj^ observations, to fix in 
the reader's mind the connection between two distinct parts of our work, 
iuid to explain in what manner the plan pursued by us differs from that 
more usually followed by preceding writers on geology. 

All natiaralists, who hfive carefully examined the arrangement of the 
mineral masses composing the earth’s crust, and who have studied their 
internal structure and fossil contents, have recognized therein the signs 
of a great succession of former changes; and the causes of these changes 
have been the object of anxious inquiry. As the first theorists possessed 
but a scanty acquaintance with the present economy of the animate and 
inanimate world, and the vicissitudes to which tliese are subject, wc find 
them in the situation of novices, who attempt to read a history written 
in a foreign language, doubting the meaning of the most ordinary terms; 
disputing, for example, whether a shell was really a shell, whether sand 
and pebbles w^ere the result of aqueous trituration, whether stratification 
was the effect of successive deposition from water; and a thousand 
other elementary questions which now appear to us so easy and simple 
that we can hardly conceive them to have once afforded matter for warm 
and tedious controversy. 

In the first volume we enumerated many prepossessions which biassed 
the minds of the earlier inquirers, and checked an impartial desire of 
arriving at truth. But of all the causes to which we alluded, no one con- 
tributed so powerfully to give rise to a false method of philosophizing 
as the entire unconsciousness of the first geologists of the extent of 
their own ignorance respecting the operations of the existing agents of 
change. 
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They imagined themselves suflBciently acquainted with the mutations 
now in progress in the animate and inanimate world, to entitle them at 
once to aiBrm, whether the solution of certain problems in geology, could 
ever be derived from the observation of the actual economy of nature, 
and having decided that they could not, they felt themselves at liberty 
to indulge their imaginations, in guessing what might be, rather than in- 
quiring what is; in other words, tliey employed themselves in conjectur- 
ing what might have been tlie course of nature at a remote period, 
rather than in the investigation of what was tlie course of nature in 
their own times. 

It appeared to them more philosopliical to speculate on the possibilities! 
of the past, than patiently to explore the realities of the present, and 
having invented theories under the influence of such maxims, they were 
consistently unwilling to test their validity by the criterion of their ao- 
cordance with the ordinary operations of nature. On the contrary, the 
claims of each new hypothesis to credibility appeared enhanced by the 
great contrast of the causes or forces introduced to those now developed 
in our terrestrial system during a period, as it has been tenned, of rcfxyse. 

Never was there a dogma more calculated to foster indolence and to 
blunt the edge of curiosity, than this assumption of the discordance be- 
tween the former and the existing causes of change. It produced a state 
of mind unfavourable in the highest conceivable degree to the candid 
reception of those minute,, but incessant mutations, which every part 
of the earth's surface is undergoing, and by which the condition of 
its living inhabitants is continually made to vary. The student, instead of 
being encouraged with the hope of interpreting the enigmas presented 
to him in the earth s structure, instead of being prompted to undertake 
laborious inquiries into the natural history of the organic world, and the 
complicated effects of the igneous and aqueous causes now in opera- 
tion, was taught to despond from the first. Geology, it was affirmed, 
could never rise to tlie rank of an exact science — the greater number of 
phenomena must for ever remain inexplicable, or only be partially 
elucidated by ingenious conjectures. Even the mystery which invested 
the subject was said to constitute one of its principal charms,^ affording, 
as it did, full scope to the fancy to indulge in a boundless field of specula- 
tion. 

The course directly opposed to these theoretical views consists in an 
earnest and patient endeavour to reconcile the former indications of 
change with the evidence of gradual mutations now in progress; restrict- 
ing us, in the first instance, to known causes, and then speculating on 
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those which may be in activity in regions inaccessible to us. It seeks 
an interpretation of geological monuments by comparing the changes of 
which they give evidence with the vicissitudes now in progress, or 
which may be in progress. 

We shall give a few examples in illustration of the practical results al- 
ready derived from the two distinct methods of theorizing, for we now 
have the advantage of being enabled to judge by experience of their 
respective merits, and by the respective value of the fruits which they 
have produced. 

In our historical sketch of the progress of geology, the reader has seen 
that a controversy was maintained for more than a century, respecting 
the origin of fossil shells and bones — were they organic or inorganic 
substances? That the latter opinion should for a long time have prevailed, 
and that these bodies should have been supposed to be fashioned into 
their present form by a plastic virtue, or some other mysterious agency, 
may appear absurd; but it was, perhaps, as reasonable a conjecture as 
could be expected from those who did not appeal, in the first instance, 
to the analogy of the living creation, as affording the only source of 
authentic information. It was only by an accurate examination of living 
Testacea, and by a comparison of the osteology of the existing verte- 
brated animals with the remains found entombed in ancient strata, 
that this favourite dogma was exploded, and all were, at length, per- 
suaded that these substances were exclusively of organic origin. 

In like manner, when a discussion had arisen as to the nature of basalt 
and other mineral masses, evidently constituting a particular class of 
rocks, the popular opinion inclined to a belief that they were of 
aqueous, not of igneous origin. These rocks, it was said, might have been 
precipitated from an aqueous solution, from a chaotic fluid, or an oce.an 
which rose over the continents, charged with the requisite mineral in- 
gredients. All are now agreed that it would have been impossible for hu- 
man ingenuity to invent a theory more distant from the truth; yet we 
must cease to wonder, on that account, that it gained so many proselytes, 
when we remember that its claims to probability arose partly from its 
confirming the assumc'd want of all analogy betw^een geological causes 
and those now in action. By what train of investigation were all theorists 
bro\ight round at length to an opposite opinion, and induced to assent to 
the igneous origin of these formations? By an examination of the struc- 
ture of active volcanoes, the mineral composition of their lavas and ejec- 
tions, and by comparing the undoubted products of fire with tlie ancient 
rocks in question. 
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We shall conclude with one more example. When the organic origin of 
fossil shells had been conceded, their occurrence in strata forming some 
of the loftiest mountains in the world, was admitted as a proof of a great 
alteration of the relative level of sea and land, and doubts were then 
entertained whether this change might be accounted for by the partial 
drying-up of the ocean, or by the elevation of the solid land. The former 
hypothesis, although afterwards abandoned by general consent, was at 
first embraced by a vast majority. A multitude of ingenious speculations 
were hazarded to show how the level of the ocean might have been 
depressed, and when these theories had all failed, the inquiry, as to what 
vicissitudes of this nature might now be taking place, was, as usual, 
resorted to in the last instance. The question was agitated, whether any 
changes in the level of sea and land had occurred during the historical 
period, and, by patient research, it was soon discovered that considerable 
tracts of land had been permanently elevated and depressed, while the 
level of the ocean remained unaltered. It was therefore necessary to 
reverse the doctrine which had acquired so much popularity, and the un- 
expected solution of a problem at first regarded as so enigmatical, gave, 
perhaps, the strongest stimulus ever yet afforded to investigate the ordi- 
nary operations of nature. For it must have appeared almost as im- 
probable to the earlier geologists, that the laws of earthefttakes should 
one day throw light on the origin of mountains, as it must to the first 
astronomers, that the fall of an apple should assist in explaining the 
motions of the moon. 

Of late years the points of discussion in geology have been trans- 
ferred to new questions, and those, for the most part, of a higher and 
more general nature; but, notwithstanding the repeated warnings of 
experience, the ancient method of philosophizing has not been materially 
modified. 

We are now, for the most part, agreed as to what rocks are of igneous, 
and what of aqueous origin, in what manner fossil shells, whether of the 
sea or of lakes, have been embedded in strata, how sand may have been 
converted into sandstone, and are unanimous as to other propositions 
which are not of a complicated nature; but when we ascend to those of 
a higher order, we find as little disposition, as formerly, to make a 
strenuous effort, in the first instance, to search out an explanation in 
the ordinary economy of Nature. If, for example, we seek for the causes 
why mineral masses are associated together in certain groups; why they 
are arranged in a c'crtain order which is never inverted; why there are 
many breaks in the continuity of the series; why different organic rc- 
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mains are found in distinct sets of strata; why there is often an abrupt 
passage from an assemblage of species contained in one formation to that 
in another immediately superimposed — when these and other topics of an 
equally extensive land are discussed, we find the habit of indulging 
conjectures, respecting irregular and extraordinary causes, to be still in 
full force. 

We hear of sudden and violent revolutions of the globe, of the in- 
stantaneous elevation of mountain chains, of paroxysms of volcanic 
energy, declining according to some, and according to others increasing in 
violence, from the earliest to the latest ages. We are also told of general 
catastrophes and a succession of deluges, of the alternation of periods of 
repose and disorder, of the refrigeration of the globe, of the sudden 
annihilation of whole races of animals and plants, and other hypotheses, 
in which we see the ancient spirit of speculation revived, and a desire 
manifested U out, rather than patiently to untie, the Gordian knot. 

In our attempt to unravel these difficult questions, we shall adopt a dif- 
ferent course, restricting ourselves to the known or possible operations of 
existing causes; feeling assured that we have not yet exhausted the re- 
sources which the study of the present course of nature may provide, 
and therefore that we are not authorized, in the infancy of our science, 
to recur to extraordinary agents. We shall adhere to this plan, not only 
on the grounds explained in the first volume, but because, as we have 
above stated, history informs us that this method has always put geologists 
on the road that leads to truth, suggesting views which, although im- 
perfect at first, have been found capable of improvement, until at last 
adopted by universal consent. On the other hand, the opposite method, 
that of speculating on a former distinct state of things, has led invariably 
to a multitude of contradictory systems, which have been overthrown one 
after the other, which have been found quite incapable of modification, 
and which are often required to be precisely reversed, 

In regard to the subjects treated of in our first two volumes, if systematic 
treatises had been written on these topics, we should wiUingly have 
entered at once upon the description of geological monuments properly 
so called, referring to other authors for *he elucidation of elementary 
and c'ollateral questions, just as we shall appeal to the best authorities in 
conchology and comparative anatomy, in proof of many positions which, 
but for the labours of naturalists devoted to these departments, would 
have demanded long digressions. When we find it asserted, for example, 
that the bones of a fossil animal at Oeningen were those of man, and 
the fact adduced as a proof of the deluge, we are now able at once to 
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dismiss die argument as nugatory, and to a£Brm the skeleton to be that 
of a reptile, on the authority of an able anatomist; and when we find 
among andent writers the opinion of the gigantic stature of the human 
race in times of old, grounded on the magnitude of certain fossil teeth 
and bones, we are able to affirm these remains to belong to the elephant 
and rhinoceros, on the same authority. 

But since, in our attempt to solve geological problems, we shall be 
called upon to refer to the operation of aqueous and igneous causes, 
the geographical distribution of animals and plants, the real existence 
of species, their successive extinction, and so forth, we were under the 
necessity of coUecting together a variety of facts, and of entering into 
long trains of reasoning, which could only be accomplished in pre- 
liminary treatises. 

These topics we regard as constituting the alphabet and grammar of 
geology; not that we expect from such studies to obtain a key to the 
interpretation of all geological phenomena, but because they form the 
groundwork from which we must rise to the contemplation of more 
general questions relating to the complicated results to which, in an 
mdefinite lapse of ages, the existing causes of change may give rise. 


The foregoing consists of Chapter I 

from Volume III 

of LyeVs nuNOFtES of gbosjocx. 



Galileo Galilei 

1564-1642 


alileo was bom at Pisa, Italy, in 1564, the son of a musician. At 
a monastery near Florence he received his early education. In 1581, 
at his faliier s request, young Galileo began to study medieine at the 
University of Pisa, but when his passion for mathematics declared 
itself, he was allowed to follow his own scientific bent. In his first 
year at the university, he checked the time of the swings of a lamp by 
his pulse beats, noting that the time was always the same, what- 
ever the amplitude of the swing. He had diseovered the isochronism 
of the pendulum. When poverty obliged him to withdraw from the 
university in 1585, he gave leetures and published an aceount of his 
invention of the hydrostatic balance. 

In 1589 he was made mathematical lecturer at tJie University of 
Pisa and spent the following two years conducting experiments on 
falling bodies, which laid the foundations for medern physical sci- 
ence. His results, directly contrary to the doctrine of Aristotle, 
angered the Aristoteh’an members of the faculty, and in 1591 he 
resigned to take the chair of mathematics at Padua. There he taught 
for eighteen years, established a European reputation as a scientist, 
and attracted many students. 

In 1609, hearing that magnifying glasses were being made in Hol- 
land, he built his first telescope. Under this sudden magnification, 
which was gradually increased to thniy times, thousands of un- 
known stars were revealed in the Milky Way, and the huge moon 
and planets became new worlds to conquer. He described his dis- 
coveries in the Starry Messenger (1610), from which the follow- 
ing selection is taken. 

Although Galileo had long since accepted the Copemican hy- 
pothesis, he prudently continued to teach the old Ptolemaic system 
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during his whole stay at Padua. By 1610, however, having just dis- 
covered the four satellites of Jupiter, and while regaling in the 
plaudits of scientists aU over Europe, he at last took the bold step of 
announcing his belief in the Copemican theory. For a time all 
went well. He even received a lucrative post as court mathematician 
at Florence, under the Medicis. 

Galileo demonstrated the telescope with great success to the ec- 
clesiastical authorities at Rome. But his assertion that the Copemican 
hypothesis could be reconciled with Scripture brought him into con- 
flict with the theologians. In defense of liis position, he quoted 
the remark of Cardinal Baronius that the “Holy Spirit intended to 
teach us in the Bible how to go to Heaven, not how the heavens go.” 
In 1615 he was warned by Maffeo Barberini ( later Pope Urban VIII ) 
not to defend or even to hold the heretical doctrine that the earth 
moves around the sun, and he agreed to keep silent on the subject 
henceforth. 

He kept his word up to 1632, when his Dialogue of the Two 
Principal Systems of the World appeared. In this beautifully written 
dialogue, one speaker defends the Ptolemaic system, whereas the 
other two uphold the Copemican conception, but in very different 
ways. One is bold and imaginative, the other cautious — unwilling to 
go beyond the evidence. Galileo did not identify himself with any of 
the three characters, but it was clear that his sympathies were di- 
vided between the two Copernicans. There were two immediate de- 
velopments. The book was a dazzling success and admired through- 
out Eiunpe. Secondly, Galileo was summoned to Rome by the 
Inquisition. After a trial, he was forced to forswear on his knees 
“the false doctrine” that the earth moves around the sun and is not 
the center of the universe. He was placed under house arrest, in 
which relatively comfortable state he remained for the rest of his life. 
His real punishment was the compulsion to disavow a profound con- 
viction that his own discoveries had gone far to confinn. 

In December, 1633, he was permitted to return to Florence and 


Note$ from the artist; "FtM length portrait of Galileo set In a background 
including the law of falling bodies, a quadrant, and Oalileo^s idea 
for a clock pendulum. The quotation, E pur si muove (*But it does move*), 
was attributed to Galileo after his recantation in 1632. The small portrait 
of Copernicus recalls Galileans defense of the Copemican system,** 
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live in his villa. There he completed his Dialogues Concerning the 
Two New Sciences^ (1638), which treated of the physical investi- 
gations he had begun in his youth. He became blind in 1637 but 
continued to work on various problems in physics. He died on Janu- 
ary 8, 1642, and was buried in the church of Santa Croce, in 
Florence. Isaac Newton was bom on December 25 the same year. 

jA.ncient peoples — the Indians, Egyptians, Assyrians, Persians, 
Greeks, and Romans — had foUowed the movements and patterns 
of the stars with passionate attention. The stars were the abode of 
the gods and the source of hope. Tliey had guided travelers on sea 
and land, and the meaning of life and particular destinies had been 
seen in their constellations and conjunctions. Imagine the sensation 
caused by the first telescope, which suddenly transformed this im- 
memorial steadfast sky, showing innumerable new stars, revealing 
satellites revolving about the familiar planets, and the moon 
scarred by mgged mountain chains and desolate valleys. The heav- 
enly bodies could no longer be regarded as perfect and immutable. 
Old religions and long revered philosopliical doctrines tottered at 
the spectacle. 

Prior to Galileo and his telescope, the Copernican theory, in spite 
of its beautiful mathematical simplicity, was at a disadvantage. Tlie 
followers of the old Ptolemaic system could point out that everyone 
sees the sun rise in the morning and set in the evening. Can we not 
trust our senses? Moreover, the world does appear to be the center of 
the universe. On all sides we see equal spaces. Copernican thinkers 
could reply that if space is infinite it has no center, and that if it is 
vast enough, any place you stand in will appear to be the center of 
the universe and will seem to be stationary, while the rest of creation 
moves. Space and motion are relative. If we take the sun to be the 
center, however, the scheme of the universe becomes far more eco- 
nomical and comprehensible. 

But so far there wais no empirical support for the heliocentric 
system. Galileo’s telescopic discoveries began to turn the tide. His 
discovery that Jupiter has four satellites (the numlxjr has now been 
increased to twelve), which revolve about that planet, could be 
taken as a model of what goes on in the heavens. If these four 
satellites revolve about Jupiter, why may not Jupiter, Saturn, Uranus, 
^ See Great Books of the Western World, Vol 28, pp. 129-260. 
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Mars, the Earth, Vemis, and Mercury revolve about the sun? 
Would not Galileo’s conclusions about the moon, and the shifting of 
light and shadow on its rugged surface, also favor the Copernican 
hypothesis? 

Galileo’s law of falling bodies, the reader will want to keep in 
mind, fiunished in the end the strongest kind of support for the 
Copernican view, and for Kepler’s system of elliptical planetary 
orbits, which was being evolved at the same time. The idea that the 
motion of bodies depends on their quahtative nature had been a 
serious handicap for centuries. Galileo’s demonstration that the ac- 
celeration of falling bodies depends alone upon the time of fall led 
the way to Newton’s laws of motion — to the modem science of 
mechanics, including celestial mechanics. 

The larger spots on the moon had long been recognized. It was 
the smaller ones which Galileo discovered, and his measurement of 
these arc renowned for their accuracy. They persuaded him that 
“the surface of the moon is not smooth, uniform and precisely 
spherical as a great number of philosophers believe it ( and the other 
heavenly bodies) to be, but is uneven, rough, and full of cavities and 
prominences, being not unlike the fac'e of the earth. . . .” The evi- 
dence offered for tliis conclusion is a model of careful induction and 
lucid exposition and takes on added interest today, when close-up 
lunar photographs have been t.iken and there is a near prospect of 
putting men on the moon. 

The analogy drawn Ix'tween the moon and the e irth is of great 
assistance in understanding our “fickle” companion, but it can oc- 
casionally mislead. We find Galileo arguing, for exanjple, that the 
reason we do not see the high mountains of the moon at its periphery 
may Ixj that our line of vision hero passes through a greater thick- 
ness of lunar atmosphere (see the diagram on p. 340). But why as- 
sume tliat the moon has an atmosphere? We know today that it has 
none. Galileo did not need this explanation, for he had just offered 
another: v^e may fail to see the peaks at the periphery, just as we 
fail to see the separate peaks of a mountain chain on eatth, when we 
look at it from a distance. 

Galileo’s rapid account of his observ'ations and deductions is 
flushed by the excitement of new and portentous discovery. The 
moon and Jupiter — the largest planet — are fascinating in themselves, 
but the Starry Messenger is also one of tlie finest examples of the 
scientific meUiod in action. 



The Starry Messenger 


ASTRONOMICAL MESSAGE 
Which contains and explains recent observations 
made with the aid of a new spyglass ' 
concerning the surface of the moon, 
the Milky Way, nebulous stars, and 
innumerable fixed stars, 
as well as four planets never before seen, and 
now named 
The Medicean Stars 


indeed are the things which in this brief treatise I propose 
for observation and consideration by all students of nature. I say great, 
because of the excellence of the subject itself, the entirely unexpected 
and novel character of these things, and finally because of the instru- 
ment by means of which they have been revealed to our senses. 

Surely it is a great thing to increase the numerous host of fixed stars 
previously visible to the unaided vision, adding countless more which 
have never before been seen, exposing these plainly to the eye in 
numbers ten times exceeding the old and familiar stars. 

It is a very beautiful thing, and most gratifying to the sight, to behold 
the body of the moon, distant from us almost sixty earthly radii,® as if it 

1. The word “telescope” was not coined until 1611. A detailed account of its origin 
is given by Edward Rosen in The Naming of the Telescope (New York, 1947). 
In the present translation the modem term has been introduced for the sake of 
dignity and ease of reading, but only after the passage in which Galileo describes 
the drcumstances which led him to construct me instrument, 
a. The original text reads “diameters” here and in another place. That this error was 
Galileo’s and not the printer’s has been convincingly mown by Edward Rosen 
(liii, 1952, pp. 344 ff.). Ihe slip was a curious one, as astronomers of all schools 
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were no farther away than two such measures — so that its diameter ap- 
pears almost thirty times larger, its surface nearly nine hundred times, 
and its volume twenty-seven thousand times as large as when viewed 
with the naked eye. In this way one may learn with all the certainty 
of sense evidence that the moon is not robed in a smooth and polished 
surface but is in fact rough and uneven, covered everywhere, just like the 
earth^s surface, with huge prominences, deep valleys, and chasms. 

Again, it seems to me a matter of no small importance to have ended 
the dispute about the Milky Way by making its nature manifest to the 
very senses as well as to the intellect. Similarly it will be a pleasant and 
elegant thing to demonstrate that the nature of those stars which astrono- 
mers have previously called "nebulous" is far different from what has 
been believed hitherto. But what surpasses all wonders by far, and 
what particularly moves us to seek the attention of all astronomers and 
philosopher's, is the discovery of four wandering stars not known or ob- 
served by any man before us. Like Venus and Mercury, which have their 
own periods about the sun, these have theirs about a certain star that 
is conspicuous among those already known, which they sometimes pre- 
cede and sometimes follow, without ever departing from it beyond cer- 
tain limits. All these facts were discovered and observed by me not many 
days ago with the aid of a spyglass which I devised, after first being 
illuminated by divine grace. Perhaps other things, still more remarkable, 
will in time be discovered by me or by other observers with the aid of 
such an instrument, the form and construction of which I shall first 
briefly explain, as well as the occasion of its having been devised. After- 
wards I shall relate the story of the observations I have made. 

About ten months ago a report reached my ears that a certain Flem- 
ing" had constructed a spyglass by means of which visible objects, 
though very distant from the eye of the observer, were distinctly seen as 
if nearby. Of this truly remarkable effect several experiences were related, 
to which some persons gave credence while others denied them. A few 
days later the report was confirmed to me in a letter from a noble 
Frenchman at Paris, Jacques Badovere,* which caused me to apply my- 

had long agreed that the maximum distance of the moon was aoproximately sixty 
terrestrial radii Still more curious is the fact that neither Kepler nor any other 
correspondent appears to have called Galileo's attention to tliLs error; not even a 
friend who ventured to criticize the calculations in this very passage. 

3. Credit for the original invention is generally assigned to Hans Lippershev, a lens 
grinder in Holland who chanced upon this property of combined lenses and applied 
ft>r a patent on it in 1608. 

4. Badovere studied in Italy toward the close of the sixteenth century and Is said to 
have been a pupil of Galileo's about 1598. When he wrote concerning the new 
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self wholeheartedly to inquire into the means by which I might arrive at 
the invention of a similar instrument. This I did shortly afterwards, my 
basis being the theory of refraction. First I prepared a tube of lead, at the 
ends of which I fitted two glass lenses, both plane on one side while on 
the other side one was spherically convex and the other concave. Then 
placing my eye near the concave lens I perceived objects satisfactorily 
large and near, for they appeared three times closer and nine times larger 
than when seen with the naked eye alone. Next I constructed another 
one, more accurate, which represented objects as enlarged more than 
sixty times. Finally, sparing neither labor nor expense, I succeeded in 
constructing for myself so excellent an instrument that objects seen by 
means of it appeared nearly one thousand times larger and over thirty 
times closer than when regarded with our natural vision. 

It would be superfluous to enumerate the number and importance of 
the advantages of such an instrument at sea as well as on land. But for- 
saking terrestrial observations, I turned to celestial ones, and first I saw 
the moon from as near at hand as if it were scarcely two terrestrial radii 
away. After that I observed often with wondering delight both the 
planets and the fixed stars, and since I saw these latter to be very 
crowded, I began to seek (and eventually found) a method by wliich I 
might measure their distances apart. 

Here it is appropriate to convey certain cautions to all who Intend to 
imdertake observations of this sort, for in the first place it is necessary to 
prepare quite a perfect telescope, which will show all objects bright, 
distinct, and free from any haziness, while magnifying them at least 
four hundred times and thus showing them twenty times closer. Unless 
the instrument is of this kind it will be vain to attempt to observe all 
the things which I have seen in the heavens, and which will presently 
be set forth. Now in order to determine without much trouble the 
magnifying power of an instrument, trace on paper the contour of two 
circles or two squares of which one is four hundred times as large as the 
other, as it will be when the diameter of one is twenty times that of 
the other. Then, with both these figures attached to the same jwall, ob- 
serve them simultaneously from a distance, looking at the smaller one 
through the telescope and at the larger one with the other eye unaided. 
This may be done without inconvenience while holding both eyeji open at 
the same time; the two figures will appear to be of the same size if the 
instnunent magnifies objects in the desired proportion. 


instrument in 1609 he was in the French diplomatic service at Paris, where he died 
in 16220. 
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Such an instrument having been prepared, we seek a method of meas- 
uring distances apart. This we shall accomplish by the following con- 
trivance. 



Let ABCD be the tube and E be the eye of tlie observer. Then if there 
were no lenses in the tube, the rays would reach the object FG along 
the straight lines ECF and EDG. But when the lenses have been in- 
serted, tlie rays go along the refracted lines ECH and EDI; thus they 
are brought closer together, and those which were previously directed 
freely to the object FG now include only the portion of it HI. The ratio 
of the distance EH to the line HI tlien being found, one may by means 
of a table of sines determine the size of the angle formed at the eye by 
the object HI, which we shall find to be but a few minutes of arc. Now, 
if to the lens CD we fit thin plates, some pierced with larger and some 
with smaller apertures, putting now one plate and now another over the 
lens as required, we may form at pleasure different angles subtending 
more or fewer minutes of arc, and by this means we may easily measure 
the intervals between stars which are but a few minutes apart, with no 
greater error than one or two minutes. And for the present let it suflBce 
that we have touched lightly on these matters and scarcely more than 
mentioned them, as on some other occasion we shall explain the entire 
theory of this instrument. 

Now let us review the observations made during the past two months, 
once more inviting the attention of all who are eager for true philosophy 
to the first steps of such important contemplations. Let us speak first of 
that surface of the moon which faces us. For greater clarity I distinguish 
two parts of this surface, a lighter and a darker; the lighter part seems to 
surround and to pervade the whole hemisphere, while the darker part 
discolors the moon's siurface like a land of cloud, and makes it appear 
covered with spots. Now those spots which are fairly dark and rather 
large are plain to everyone and have been seen throughout the ages; 
these I shall call the Targe” or “ancient” spots, distinguishing them from 
others that ore smaller in size but so numerous as to occur all over the 
lunar surface, and especially the lighter part. The latter spots had never 
been seen by anyone before me. From observations of these spots 
repeated many times I have been led to the opinion and conviction 
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that the surface of the moon is not smooth, uniform, and precisely 
spherical as a great number of philosophers believe it (and the other 
heavenly bodies) to be, but is uneven, rough, and full of cavities and 
prominences, being not unlike the face of the earth, relieved by chains of 
mountains and deep valleys. The things I have seen by which I was en- 
abled to draw this conclusion are as follows. 

On the fourth or fifth day after new moon, when the moon is seen with 
brilliant horns, the boundary which divides the dark part from the light 
does not extend uniformly in an oval line as would happen on a per- 
fectly spherical solid, but traces out an imeven, rough, and very wavy 
line as shown in the figure below. Indeed, many luminous excrescences 
extend beyond the boundary into the darker portion, while on the other 
hand some dark patches invade the illuminated part. Moreover a great 
quantity of small blackish spots, entirely separated from the dark region, 
are scattered almost all over the area illuminated by the sun with the 
exception only of that part which is occupied by the large and ancient 
spots. Let us note, however, that the said small spots always agree in hav- 
ing their blackened parts directed toward the sun, while on the side op- 
posite the sun they are crowned with bright contours, like shining sum- 
mits. There is a similar sight on earth about sunrise, when we behold the 
valleys not yet flooded with light though the mountains syp'ounding 
them are already ablaze with glowing splendor on the side opposite the 
sun. And just as the shadows in the hollows on earth diminish in size as 
the sun rises higher, so these spots on the moon lose their blackness as 
the illuminated region grows larger and larger. 



Again, not only are the boundaries of shadow and light in die moon 
seen to be uneven and wavy, but still more astonishingly many bright 
points appear within the darkened portion of the moon, completely 
divided and separated from the illuminated part and at a considerable 
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distance from it. After a time these gradually increase in size and bright- 
ness, and an hour or two later they become joined with the rest of the 
lighted part which has now increased in size. Meanwhile more and more 
peaks shoot up as if sprouting now here, now there, lighting up within the 
shadowed portion; these become larger, and finally they too are united 
with that same luminous surface which extends ever further. An illustra- 
tion of this is to be seen in the figure above. And on the earth, 
before the rising of the sun, are not the highest peaks of the mountains 
illuminated by the sun's rays while the plains remain in shadow? Does 
not the light go on spreading while the larger central parts of those 
mountains are becoming illuminated? And when the sun has finally risen, 
does not the illumination of plains and hills finally become one? But on 
the moon the variety of elevations and depressions appears to surpass in 
every way the roughness of the terrestrial surface, as we shall demon- 
strate further on. 

At present I cannot pass over in silence something worthy of considera- 
tion which I observed when the moon was approaching first quarter, as 
shown in the previous figure. Into the luminous part there extended a 
great dark gulf in the neighborhood of the lower cusp. When I had ob- 
served it for a long time and had seen it completely dark, a bright peak 
began to emerge, a little below its center, after about two hours. Grad- 
ually growing, this presented itself in a triangular shape, remaining com- 
pletely detached and separated from the lighted surface. Around it three 
other small points soon began to shine, and finall), when the moon 
was about to set, this triangular shape (which had meanwhile become 
more widely extended) joined with the rest of the illuminated region and 
suddenly burst into the gulf of shadow like a vast promontory of light, 
surrounded still by the three bright peaks already mentioned. Beyond 
the ends of the cusps, both above and below, certain bright points 
emerged which were quite detached from the remaining lighted part, as 
may be seen depicted in the same figure. There were also a great number 
of dark spots in both the horns, especially in the lower one; those nearest 
the boundary of light and shadow appeared larger and darker, while 
those more distant from the boundary v ere not so dark and distinct. 
But in all cases, as W'e have mentioned earlier, the blackish portion of each 
spot is turned toward the source of the sun's radiance, while a bright 
rim surrounds the spot on the side away from the sun in the direction 
of the shadowy region of the m(X)n. This part of the moon's surface, 
where it is spotted as the tail of a peacock is sprinkled with azure eyes, 
resembles those glass vases which have been plunged while still hot into 
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cold water and have thus acquired a crackled and wavy siuface, from 
which they receive their common name of “ice-cups.” 

As to the large lunar spots, these are not seen to be broken in the 
above manner and full of cavities and prominences; rather, they are even 
and uniform, and brighter patches crop up only here and there. Hence if 
anyone wished to revive the old Pythagorean ^ opinion that the moon is 
like another earth, its brighter part might very fitly represent the surface 
of the land and its darker region that of the water. I have never doubted 
that if our globe were seen from afar when flooded with sunlight, the 
land regions would appear brighter and the watery regions darker.® The 
large spots in the moon are also seen to be less elevated tlian the 
brighter tracts, for whether the moon is waxing or waning there are al- 
ways seen, here and there along its boundary of light and shadow, certain 
ridges of brighter hue around the large spots (and we have at- 
tended to this in preparing the diagrams); the edges of these spots are 
not only lower, but also more uniform, being uninterrupted by peaks or 
ruggedness. 



Near the large spots the brighter part stands out particularly in such 
a way that before first quarter and toward last quarter, in the vicinity of a 
certain spot in the upper (or northern) region of the moon, some vast 
prominences arise both above and below as shown in the figures repro- 
duced below. Before last quarter this same spot is seen to he walled 
about with certain blacky contours which, like the loftiest mountain- 

5. Pythagoras was a mathematician and philosopher of the sixth century b.c., a 
semilegendaiy figure whose followers were credited at Galileo's time with having 
anticipated the Copemican system. This tradition was based upon a misunderstand- 
ing. The Pythagoreans made the eartli revolve about a "central fire” whose light 
and heat were reflected to the earth by the sun. 

6. Leonardo da Vinci had previously suggested that the dark and light regions of the 
moon were bodies of land and water, though Galileo probably tud not know this. 
Da Vinci, however, had mistakenly supposed that the water would rppear brighter 
than die land. 
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tops, appear darker on the side away from the sun and brighter on that 
which faces the sun. ( This is the opposite of what happens in the cavities, 
for there the part away from the sun appears brilliant, while that which is 
turned toward the sun is dark and in shadow.) After a time, when the 
lighted portion of the moon’s surface has diminished in size and when all 
(or nearly all) the said spot is covered with shadow, the brighter ridges 
of the mountains gradually emerge from the shade. This double aspect 
of the spot is illustrated in tlie ensuing figures. 



Tlicre is another thing which I must not omit, for I beheld it not with- 
out a certain wonder; this is that almost in the center of the moon there 
is a cavity larger than all the rest, and perfectly round in shape. I have 
observ'cd it near both first and last quarters, and have tried to repre- 
sent it as correctly as possible in the second of the aKn^e figures. As to 
light and shade, it offers the same appearance as woidd a region like 
bohemia ^ if that were enclosed on all sides by very lofty mountains ar- 
ranged exactly in a circle. Indeed, this area on the moon is surrounded 
by such enormoiLS peaks that the bounding edge adjacent to the dark 
portion of the moon is seen to be bathed in sunlight before the boundary 
of light and shadow reaches halfway across the same space. As in other 
spois, its shaded portion faces the sun while its lighted part is toward 
the dark side of tlie moon; and for a third time I draw attention to this 
as a very cogent proof of the ruggedness and uneveness that pervades 
all the bright region of the moon. Of these spots, moreover, those are 
always darkest wliich touch the boundary line between light and shadow, 
while those fartlier off appear both smaller and less dark, so that when 

7. This casual comparison l>etwet'n a part of the moon and a specific region on earth 
was later tJie basis of much trouble for Galileo. Even in antiquity the idea that the 
moon (or any otlier heavenly body) was of the same nature as the earth had lieen 
dangerous to hold. The Atlienians banishetl the philostipher Anaxagonis for teaching 
such noUous, and chargetl Socrates with blaspheni) for u’peating them. 
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the moon ultimately becomes full (at opposition ® to the sun), the shade 
of the cavities is distinguished from the light of the places in relief by a 
subdued and very tenuous separation. 

The things we have reviewed are to be seen in the brighter region of 
the moon. In the large spots, no such contrast of depressions and promi- 
nences is perceived as that which we are compelled to recognize in 
the brighter parts by the changes of aspect that occur under varying il- 
lumination by the sun's rays throughout the multiplicity of positions 
from which the latter reach the moon. In the large spots there exist some 
holes rather darker than the rest, as we have shown in the illustrations. 
Yet these present always the same appearance, and their darkness is 
neither intensified nor diminished, although with some minute differ- 
ence they appear sometimes a little more shaded and sometimes a little 
lighter according as the rays of the sun fall on them more or less obliquely. 
Moreover, they join with the neighboring regions of the spots in a gentle 
linkage, the boundaries mixing and mingling. It is quite different with the 
spots which occupy the brighter surface of the moon; these, like precipi- 
tous crags having rough and jagged peaks, stand out starkly in sharp 
contrasts of light and shade. And inside the large spots there are ob- 
served certain other zones that are brighter, some of them very bright 
indeed. Still, both these and the darker parts present always the same 
appearance; there is no change either of shape or of light and shadow; 
hence one may affirm beyond any doubt that they owe their appearance 
to some real dissimilarity of parts. They cannot be attributed merely to 
irregularity of shape, wherein shadows move in consequence of varied 
illuminations from the sun, as indeed is the case with the other, smaller, 
spots which occupy the brighter part of the moon and which change, 
grow, shrink, or disappear from one day to the next, as owing their origin 
only to shadows of prominences. 

But here I foresee that many persons will be assailed by imcertainty and 
drawn into a grave difficulty, feeling constrained to doubt a conclusion 
already explained and confirmed by many phenomena. If that part of the 
lunar surface which reflects sunlight more brightly is full of chaSms ( that 
is, of countless prominenees and hollows ) , why is it that the western edge 
of the waxing moon, the eastern edge of the waning moon, and the entire 
periphery of the full moon are not seen to be uneven, rough, atid wavy? 
On the contrary they look as precisely round as it they were drawn 

8. Opposition of the sun and moon occurs when they are in line with the earth be- 
tween them (full moon, or lunar eclipse); conjunction, when they are in Ime on the 
same side of the earth ( new moon, or eclipse of the sun ) . 



THE STARRY MESSENGER 


339 

with a compass; and yet the whole periphery consists of that brighter 
lunar substance which we have declared to be filled with heights and 
chasms. In fact not a single one of the great spots extends to the extreme 
periphery of the inoon, but all are grouped together at a distance from 
the edge. 

Now let me explain the twofold reason for this troublesome fact, and 
in turn give a double solution to the difficulty. In the first place, if the 
protuberances and cavities in the lunar body existed only along the 
extreme edge of the circular periphery bounding the visible hemi- 
sphere, the moon might (indeed, would necessarily) look to us almost like 
a toothed wheel, terminated by a warty or wavy edge. Imagine, how- 
ever, that there is not a single series of prominences arranged only along 
the very circumference, but a great many ranges of mountains together 
with their valleys and canyons disposed in ranks near the edge of the 
moon, and not only in the hemisphere visible to us but everywhere 
near tlie boundaiy^ line of the two hemispheres. Then an eye viewing 
them from afar will not be able to detect the separation of prominences by 
cavities, because the interv'als between the mountains located in a given 
circle or a given chain wall be hidden by the interposition of other 
heights situated in yet other ranges. This will be especially true if the 
eye of the observer is placed in the same straight line with the summits of 
these elevations. Thus on earth the summits of several mountains 
close together appear to be situated in one plane if the spectator is a long 
way off and is placed at an equal elevation. Similarly in a rough sea the 
tops of the waves seem to lie in one plane, though between one high 
crest and another there are many gulfs and chasms of such depth as not 
only to hide the hulls but even the bulwarks, ma.>ts, and rigging of 
stately ships. Now since there are many chains of mountains and cliasms 
on the moon in addition to those around its periphery, and since the eye, 
regarding these from a great distance, lies nearly in the plane of their 
summits, no one need wonder that they appear as arranged in a regu- 
lar and unbroken fine. 

To the above explanation another may be added; namely, that there 
exists around the body of the moon, just as around the earth, a globe of 
some substance denser than the rest of tiie aether.® This may serve to 
receive and reflect the sun's radiations without being sufficiently opaque 
to prevent our seeing through it, especially when it is not illuminated. 

9. The aether, or "ever-moving,” was the special substance of which the sky and all 
the heavenly bodies were supposed to be made, a substance essentially different 
from all the earthly "elements.” In later years Galileo abandoned his suggestion 
here tliat the moon has a vaporous atmosphere. 



340 


Galileo 


Such a globe, lifted by the sun s rays, makes the body of the moon ap- 
pear larger than it really is, and if it were thicker it would be able to 
prevent our seeing the actual body of the moon. And it actually is 
thicker near the circumference of the moon; I do not mean in an 
absolute sense, but relatively to the rays of our vision, which cut it 
obliquely there. Thus it may obstruct our vision, especially when it is 
lighted, and cloak the lunar periphery that is exposed to the sun. This 
may be more clearly understood from the figure below, in which the 
body of the moon, ABC, is surrounded by the vaporous globe DEG. 



The eyesight from F reaches the moon in the central region, at A for ex- 
ample, through a lesser thickness of the vapors DA, while toward the 
extreme edges a deeper stratum of vapors, EB, limits and shuts out 
our sight. One indication of this is that the illuminated portion of the 
moon appears to be larger in circumference than the rest of the orb, 
which lies in shadow. And perhaps this same cause will appeal to some 
as reasonably explaining why the larger spots on the moon are nowhere 
seen to reach the very edge, probable though it is that some should occur 
there. Possibly they are invisible by being hidden under a thicker and 
more luminous mass of vapors. 

That the lighter surface of the moon is everywhere dotted with pro- 
tuberances and gaps has, I think, been made sufficiently deaf from the 
appearances already eT^lained. It remains for me to speak of their 
dimensions, and to show that the earth s irregularities are faf less than 
those of the moon. I mean that they are absolutely less, and ilot merely 
in relation to the sizes of the respective globes. This is plainly demon- 
strated as follows. 

I had often observed, in various situations of the moon with respect to 
the sun, that some summits within the shadowy portion appeared lighted. 
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though lying some distance from the boundary of the light. By comparing 
this separation to the whole diameter of the moon^ I found that it some- 
times exceeded one-twentieth of the diameter. Accordingly, let CAF 
be a great circle of the lunar body, E its center, and CF a diameter, 
which is to the diameter of the earth as two is to seven. 

Since according to very precise observations the diameter of the 
earth is seven thousand miles, CF will be two thousand, CE one thou- 
sand, and one-twentieth of CF will be one hundred miles. Now let CF 
be the diameter of the great circle which divides the light part of the 
moon from the dark part (for because of the very great distance of the 


D C G 



sun from the moon, this does not differ appreciably from a great circle), 
and let A be distant from C by one-twentieth of this. Draw the radius 
EA, which, when produced, cuts the tangent line GCD (representing 
the illuminating ray) in the point D. Then the arc CA, or rather the 
straight line CD, will consist of one hundred units whereof CE contains 
one thousand, and the sum of the squares of DC and CE will be 
1,010,000. This is equal to the square of DE; hence ED will exceed 1,004, 
and AD will be more than four of those units of which CE contains one 
thousand. Therefore the altitude AD on the moon, which represents a 
summit reaching up to the solar ray GCD and standing at the dis- 
tance CD from C, exceeds four miles. But on the earth we have no 
mountains which reach to a perpendicular height of even one mile."* 
Hence it is quite clear that the prominences on the moon are loftier than 
diose on the earth. 

10. Galileo’s estimate of four miles for the height of some lunar mountains was a very 
good one. His remark about the maximum height of mountains on the earth was, 
however, quite mistaken. An English propagandist for his views, John Wilkins, 
took pains to correct this error in his anonymous Discovery of a Sew World . . . 
in the Moon ( London, 1638 ), Prop. ix. 
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Here I wish to assign the cause of another lunar phenomenon well 
worthy of notice. I observed this not just recently, but many years ago, 
and pointed it out to some of my friends and pupils, explaining it to 
them and giving its true cause. Yet since it is rendered more evident and 
easier to observe with the aid of the telescope, I think it not unsuitable 
for introduction in this place, especially as it shows more clearly the con- 
nection between the moon and the earth. 

When the moon is not far from the sun, just before or after new 
moon, its globe offers itself to view not only on the side where it is 
adorned with shining horns, but a certain faint light is also seen to mark 
out the periphery of the dark part which faces away from the sun, 
separating this from the darker background of the aether. Now if we 
examine the matter more closely, we shall see that not only does the 
extreme limb of the shaded side glow with this uncertain light, but the 
entire face of the moon (including the side which does not receive the 
glare of the sun) is whitened by a not inconsiderable gleam. At first 
glance only a thin luminous circumference appears, contrasting with the 
darker sky coterminous with it; the rest of the surface appears darker 
from its contact with the shining horns which distract our vision. 
But if we place ourselves so as to interpose a roof or chimney or some 
other object at a considerable distance from the eye, the shming horns 
may be hidden while the rest of the lunar globe remains exposed to view. 
It is then found that this region of the moon, though deprived of sun- 
light, also shines not a little. The effect is heightened if the gloom of 
night has already deepened through departure of the sun, for in a darker 
field a given light appears brighter. 

Moreover, it is found that this secondary light of the moon (so to 
speak) is greater according as the moon is closer to the sun. It diminishes 
more and more as the moon recedes from that body until, after the first 
quarter and before the last, it is seen very weakly and uncertainly even 
when observed in the darkest sky. But when the moon is within sixty 
degrees of the sun it shines remarkably, even in twilight; so briglitly in- 
deed that with the aid of a good telescope one may distinguish the 
large spots. This remarkable gleam has afforded no small perplexity to 
philosophers, and in order to assign a cause for it .some have offered 
one idea and some another. Some would say it is an inherent and natu- 
ral light of the moon’s own; others, that it is imparted by Venus; others 
yet, by all the stars together; and still others derive it from the sun, whose 
rays they would have permeate the t^hick solidity of the moon. But state- 
ments of this sort are refuted and their falsity evinced with little difficulty. 
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For if this kind of light were the moon^s own, or were contributed by 
the stars, the moon would retain it and would display it particularly dur- 
ing eclipses, when it is left in an unusually dark sky. This is contradicted 
by experience, for the brightness which is seen on the moon during 
eclipses is much fainter and is ruddy, almost copper-colored, while this 
is brighter and whitish. Moreover the other light is variable and movable, 
for it covers the face of the moon in such a way that the place near the 
edge of the earth's shadow is always seen to be brighter than the rest of 
the moon; this undoubtedly results from contact of the tangent solar 
rays with some denser zone wliich girds the moon about.^^ By this con- 
tact a sort of twilight is diffused over the neighboring regions of the 
moon, just as on earth a sort of crepuscular light is spread both morn- 
ing and evening; but with this I shall deal more fully in my book on the 
system of the world.^* 

To assert that the moon's secondary light is imparted by Venus is so 
childish as to deseive no reply. W^o is so ignorant as not to understand 
that from new moon to a separation of sixty degrees between moon and 
sun, no part of the moon which is averted from the sun can possibly 
be se('n from Venus? And it is likewise unthinkable that this light should 
depend upon the sun's rays penetrating the thick solid mass of the moon, 
for then this light would never dwindle, inasmuch as one hemisphere of 
the moon is always illuminated except during lunar eclipses. And the 
light does diminish as the moon approaches first quarter, becoming com- 
pletely obsciued after that is passed. 

Now since the secondary light does not inherently belong to the moon, 
and is not received from any star or from the sun, and since in the whole 
universe there is no other lx)dy left but the earth, what must we conclude? 
What is to be proposed? Surely we must assert that the lunar body (or 
any other dark and sunless orb) is illuminated by the earth. Yet what is 
there so remarkable about this? The earth, in fair and grateful exchange, 
pays back to the moon an illumination similar to that which it receives 
from her throughout nearly all the darkest gloom of night. 

Let us explain this matter more fully. At conjunction the moon occu- 

11 . Kepler had correctly accounted for the e^Lsten r of this light and its ruddy color. 
It IS causiHl hv redaction of sunlight in the earth’s atmosphere, and does not 
require a lunar atmosphere us supposed by Galileo. 

12. Tlie hook thus promised was dc*stnK»d not to appear for more than two decades. 
Events which will presently bt* recounted prevented its publication for many 
years, untl then it h.id to he motlified to present the arguments for botli the 
Ptolemaic and Copernican systems instead of just the latter as Galileo here 
planned Even then it was supprevsed, and the author was condemned to life 
imprisonment. 
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pies a position between the sun and the earth; it is then illuminated 
by the sun’s rays on the side which is turned away from the earth. 
The other hemisphere, which faces the earth, is covered with darkness; 
hence the moon does not illuminate the surface of the earth at all. Next, 
departing gradually from the sun, the moon comes to be lighted partly 
upon the side it turns toward us, and its whitish horns, still very thin, 
illuminate the earth with a faint light. The sun’s illumination of the 
moon increasing now as the moon approaches first quarter, a reflection of 
that light to the earth also increases. Soon the splendor on the moon ex- 
tends into a semicircle, and our nights grow brighter; at length the 
entire visible face of the moon is irradiated by the sun’s resplendent 
rays, and at full moon the whole surface of the earth shines in a flood of 
moonlight. Now the moon, waning, sends us her beams more weakly, 
and the earth is less strongly lighted; at length the moon returns to con- 
junction with the sun, and black night covers the earth. 

In this monthly period, then, the moonlight gives us alternations of 
brighter and fainter illumination; and the benefit is repaid by the earth 
in equal measure. For while the moon is between us and the sun (at 
new moon), there lies before it the entire surface of that hemisphere of 
the earth which is exposed to the sim and illuminated by vivid rays. 
The moon receives the light which this reflects, and thus^tho nearer 
hemisphere of the moon — that is, the one deprived of sunlight — ap- 
pears by virtue of this illumination to be not a little luminous. When the 
moon is ninety degrees away from the sun it sees but half the earth 
illuminated (the western half), for the other (the eastern half) is en- 
veloped in night. Hence the moon itself is illuminated less brightly 
from the earth, and as a result its secondary light appears fainter to us. 
When the moon is in opposition to the sun, it faces a hemisphere of the 
earth that is steeped in the gloom of night, and if this position occurs in 
the plane of the ecliptic the moon will receive no light at all, being 
deprived of both the solar and the terrestrial rays. In its various other 
positions with respect to the earth and sun, the moon receives more or 
less light according as it faces a greater or smaller portion ^ of the il- 
luminated hemisphere df the earth. And between these two globes a 
relation is maintained such that whenever the earth is mojt brightly 
lighted by the moon, the moon is least lighted by the earthy and vice 
versa. 

Let these few remarks suflBce us here concerning this matter, which 
will be more fully treated in our System of the World, In that book, by a 
multitude of arguments and experiences, the solar reflection from the 
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earth will be shown to be quite real — against those who argue that the 
earth must be excluded from the dancing whirl of stars for the specific 
reason that it is devoid of motion and of light. We shall prove the 
earth to be a wandering body surpassing the moon in splendor, and not 
the sink of all dull refuse of the universe; this we shall support by an 
infinitude of arguments drawn from nature. 

Thus far we have spoken of our observations concerning the body of 
the moon. Let us now set forth briefly what has thus far been observed 
regarding the fixed stars. And first of all, the following fact deserves con- 
sideration: The stars, whether fixed or wandering,^® appear not to be en- 
larged by the telesa^pc in tlie same proportion as that in which it magni- 
fies other objects, and even the moon itself. In the stars tliis enlargement 
seems to be so much less that a telescope which is sufficiently powerful 
to magnify other objects a hundredfold is scarcely able to enlarge the 
stars four or five times. The reason for this is as follows. 

Wlien stars are viewed by means of unaided natural vision, they 
present themselves to us not as of their simple (and, so to speak, their 
physical ) size, but as irradiated by a certain fulgor and as fringed with 
sparkling rays, especially when the night is far advanced. From this 
they appear larger than they would if stripped of those adventitious 
hairs of light, for the angle at the eye is determined not by the primary 
body of the star but by the brightness which extends so widely about it. 
This appears quite clearly from the fact that when stars first emerge from 
twilight at sunset they look very small, even if they are of the first magni- 
tude; Venus itself, when visible in broad daylight, is so siu«ill as scarcely 
to appear equal to a star of the sixth magnitude. Tilings fall out differently 
with other objects, and even with the moon itself; these, whether setin in 
daylight or the deepest night, appear always of the same bulk. Therefore 
the .stars arc seen crowned among shadows, while daylight is able to re- 
move their headgear; and not daylight alone, but any thin cloud that 
interposes itself between a star and the eye of the observer. The same ef- 
fect is produced by black veils or colored glasses, through the interposi- 
tion of which obstacles the stars are abandoned by their surrounding 
brilliance. A telescope similarly accomplish '*es the same result. It re- 
moves from the stars their adventitious and acx:idental rays, and then it 
enlarges their simple globes (if indeed the stars arc naturally globular) 
so that they seem to be magnified in a lesser ratio than other objects. 

13. That is, planets. Among the.se bodies Galileo counted his newly discovered 
.satellites of Jupiter. The term “.satellites” was intrcKluccd somewhat later by 
Kepler. 
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In fact a star of the fifth or sixth magnitude when seen through a telescope 
presents itself as one of the first magnitude. 

Deserving of notice also is the difference between the appearances of 
the planets and of the fixed stars.^^ The planets show their globes per- 
fectly round and definitely bounded, looking like little moons, spherical 
and flooded all over with light; the fixed stars are never seen to be 
bounded by a circular periphery, but have rather the aspect of blazes 
whose rays vibrate about them and scintillate a great deal. Viewed with 
a telescope they appear of a shape similar to that which they present to 
the naked eye, but sufficiently enlarged so that a star of the fifth or sixth 
magnitude seems to equal the Dog Star, largest of all the fixed stars. 
Now, in addition to stars of the sixth magnitude, a host of other stars are 
perceived through the telescope which escape the naked eye; these are 
so numerous as almost to surpass belief. One may, in fact, see more of 
them than all the stars included among the first six magnitudes. The 
largest of these, which we may call stars of the seventh magnitude, or the 
first magnitude of invisible stars, appear through the telescope as larger 
and brighter than stars of the second magnitude when the latter are 
viewed with the naked eye. In order to give one or two proofs of their 
almost inconceivable number, I have adjoined pictures of two constella- 
tions. With these as samples, you may judge of all the others. 

In tlie first I had intended to depict the entire constellation of Orion, 
but I was overwhelmed by* the vast quantity of stars and by limitations 
of time, so I have deferred this to another occasion. There are more than 
five hundred new stars distributed among the old ones witliin limits of 
one or two degrees of arc. Hence to the three stars in tlie Belt of Orion 
and the six in the Sword which were previously known, I have added 
eighty adjacent stars discovered recently, preserving the intervals be- 
tween them as exactly as I could. To distinguish the known or ancient 
stars, I have depicted them larger and have outlined them doubly; the 
other (invisible) stars I have drawn smaller and without the extra line. I 
have also preserved differences of magnitude as well as possible. 

In the second example I have depicted the six stars of Taurus known 
as the Pleiades ( I say six, inasmuch as the seventh is hardly oVer visible ) 
which lie within very narrow limits in the sky. Near them are more than 

14. Fixed stars are so distant that their li^t reaches the earth as from dimensionless 
points Hence their images are not enlarged by even the best teh‘jcopes, which 
serve only to gather more of their light and in that way incietise their visibility. 
Galileo was never entirelv clear alioiit this dLstiriction Neve*rtheless, by applying 
his knowledge of the effects described here, he greatly reduc'ed the prevailing 
overestunation of visual dimensions of stars and planets. 
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forty others, invisible, no one of which is much more than half a degree 
away from the original six. I have shown thirty-six of these in the 
diagram [p. 348]; as in the case of Orion I have preserved their intervals 
and magnitudes, as well as the distinction between old stars and new. 

Third, I have observed the nature and the material of the Milky Way. 
With the aid of the telescope this has been scrutinized so directly and 
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Tha Belt and Sword of Orion 

with such ocular certainty that all the disputes which have vexed philoso- 
phers through so many ages have been resolved, and we are at last freed 
from wordy debates about it. The galaxy is, in fact, nothing but a con- 
geries of innumerable stars grouped together in clusters. Upon whatever 
part of it the telescope is directed, a vast crowd of stars is immediately 
presented to view. Many of them are rather large and quite bright^ 
while the number of smaller ones is quite beyond calculation. 

But it is not only in the Milky Way that whitish clouds are seen; several 
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patches of similar aspect shine with faint light here and there throughout 
the aether, and if the telescope is turned upon any of these it confronts 
us with a tight mass of stars. And what is even more remarkable, the 
stars which have been called “nebulous” by every astronomer up to this 
time turn out to be groups of very small stars arranged in a wonderful 
manner. Although each star separately escapes our sight on account of 
its smallness or the immense distance from us, the mingling of their 
rays gives rise to that gleam which was formerly believed to be some 
denser part of the aether that was capable of reflecting rays from stars or 
from the sun. I have observed some of these constellations and have 
decided to depict two of tliem [see opposite page]. 
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The PleiadeM 

In the first you have the nebula called the Head of Orion, in which I 
have counted twenty-one stars. The second contains the nebula called 
Praesepe,*® which is not a single star but a mass of more than forty 
starlets. Of these I have shown thirty-six, in addition to tlie Aseili, ar- 
ranged in the order shown. 

We have now briefly recounted the observations made thus far with 
regard to the moon, the fixed stars, and the Milky Way. There remains 
the matter which in my opinion deserves to be considered the most im- 
portant of all — ^the disclosure of four Planets never seen from the creation 
of the world up to our own time, together with the occasion Of my hav- 
ing discovered and studied them, their arrangements, and the observa- 

15. Praejsepe, "the Manger," is a small whitish cluster of stars lying between the two 
Aseili (ass-oolts) whiefa are imagined as feeding from iL It lies in the coastellation 
Cancer. 
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tions made of their movements and alterations during the past two 
months. I invite all astronomers to apply themselves to examine them 
and determine their periodic times, something which has so far been 
quite impossible to complete, owing to the shortness of the time. Once 
more, however, warning is given that it will be necessary to have a very 
accurate telescope such as we have described at the beginning of this dis- 
course. 



* 


Kebula of Orion Kebula of Praesepe 

On the seventh day of January in this present year >610, at the first 
hour of night, when I was viewing the heavenly bodies with a telescope, 
Jupiter presented itself to me; and because I had prepared a very 
excellent instrument for myself, I perceived (as I had not before, on 
at'count of the weakness of my previous instrument) that beside the 
planet there w^cre three starlets, small indeed, but very bright. Though I 
believed them to be among the host of fixed stars, they aroused my curi- 
osity somewhat by appearing to lie in an exact straight line paraUel to 
tlie ecliptic, and by their l>eing more splendid than others of their size. 
Their arrangement with respect to Jupiter and each other was the follow- 
ing; 

East ^ 


that is, there were two stars on the eastern side and one to the west. The 
most easterly star and the western one appeared larger than the other, I 
paid no attention to the distances between them and Jupiter, for at the 
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outset I thought them to be fixed stars, as I have said/* But returning to 
the same investigation on January eighth — led by what, I do not know — I 
fbtmd a very different arrangement. The three starlets were now all to the 
west of Jupiter, closer together, and at equal intervals from one another 
as shown in the following sketch: 

East 0 ^ ^ ^ West 

At this time, though I did not yet turn my attention to the way the 
stars had come together, I began to concern myself with the question 
how Jupiter could be east of all these stars when on the previous day it 
had been west of two of them. I commenced to wonder whether Jupiter 
was not moving eastward at that time, contrary to the computations 
of the astronomers, and had got in front of them by that motion.^^ 
Hence it was with great interest that I awaited the next night. But I was 
disappointed in my hopes, for the sky was tlien covered with clouds 
everywhere. 

On the tenth of January, however, the stars appeared in this position 
with respect to Jupiter: 

East ♦ ★ 0 West 

that is, there were but two of them, both easterly, the third (as I sup- 
posed) being hidden behind Jupiter. As at first, they were in the same 
straight line with Jupiter and were arranged precisely in the line of the 
zodiac. Noticing this, and knowing that there was no way in which 
such alterations could be attributed to Jupiter s motion, yet being certain 
that these were still the same stars I had observed ( in fact no other was to 
be found along the line of the zodiac for a long way on either side of 
Jupiter), my perplexity was now transformed into amazement. I was sure 
that the apparent changes belonged not to Jupiter but to the observed 
stars, and I resolved to pursue this investigation with greater care and 
attention. 

And thus, on the eleventh of January, I saw the following disposition: 


16. The reader should remember that the telescope was nightly revealing to Galileo 
hundreds of fixed stars never previously observed. His unusual gifts for astronom- 
ical observation are illustrated by his having noticed and remembered these three 
merely by reason of their alignment, and recalling them so well that when by 
chance he happened to see them the following night he was certain that they had 
changed their positions. No such plausible and candid account of the discovery was 
^ven by the rival astronomer Simon Mayr, who four years later claimed priority. 

17. Jupiter was at this time in ‘Vetrograde'* motion; that is, the earth's motion maae 
the planet appear to be moving westward among the fixed stars. 
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East ^ ^ 0 West 

There were two stars, both to the east, the central one being three times 
as far from Jupiter as from the one farther east. The latter star was 
nearly double the size of the former, whereas on the night before they 
had appeared approximately equal. 

I had now decided beyond all question that there existed in the heav- 
ens three stars wandering about Jupiter as do Venus and Mercury about 
the sun, and this became plainer than daylight from observations on 
similar occasions which followed. Nor were there just three such stars; 
four wanderers complete their revolutions about Jupiter, and of their 
alterations as observed more precisely later on we shall give a descrip- 
tion here. Also I measured the distances between them by means of the 
telescope, using the method explained before. Moreover I recorded the 
times of the observations, especially when more than one was made dur- 
ing the same .ught — for the revolutions of these planets are so speedily 
completed that it is usually possible to take even their hourly variations. 

Thus on the twelfth of January at the first hour of night I saw the stars 
arranged in this way: 

East ^ 0 West 

The most easterly star was larger than the western one, though both 
were easily visible and quite bright. Each was about tw^o minutes of arc 
distant from Jupiter. The third star was invisible at first, but commenced 
to appear after two hours; it almost touched Jupiter on the east, and was 
quite small. All were on the same straight line directed along the ecliptic. 

On the thirteenth of January four stars were seen by me for the first 
time, in this situation relative to Jupiter; 

* 0 *^^ West 

Tliree were westerly and one was to the east; they formed a straight line 
except that the middle western star departed slightly toward the 
north. The eastern star was two minutes of arc away from Jupiter, and the 
intervals of the rest from one another and irom Jupiter were about one 
minute. All the stars appeared to be of the same magnitude, and though 
small were very bright, much brighter than fixed stars of the same size.^® 

18. Galileo's day-by-day journal of observations continued in unbroken sequence until 
ten days before publication of the book, which he remained in Venice to supervise. 
The observations omitted here containiHl nothing of a novel character. 
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On the twenty-sixth of February, midway in the first hour of night, 
there were only two stars: 

East * 0 ^ 

One was to the east, ten minutes from Jupiter; the other to the west, six 
minutes away. The eastern one was somewhat smaller than tlie western. 
But at the fifth hour three stars were seen: 

East 3(c ^ West 

In addition to the two already noticed, a third was discovered to the 
west near Jupiter; it had at first been hidden beliind Jupiter and was 
now one minute away. The eastern one appeared farther away than be- 
fore, being eleven minutes from Jupiter. 

This night for the first time I wanted to observe the progress of Jupiter 
and its accompanying planets along the line of the zodiac in relation to 
some fixed star, and such a star w^as seen to the east, eleven minutes dis- 
tant from the easterly starlet and a little removed toward the soutli, in 
the following manner: 

East ♦ ^ ^ ^ 

★ 

On the twenty-seventh of February, four minutes after the first hour, 
the stars appeared in this configuration: 

East ^ 

★ 

The most easterly was ten minutes from Jupiter; the next, thirty seconds; 
the next to the west was two minutes thirty seconds from Jupiter, and the 
most westerly was one minute from that. Those nearest Jupiter appeared 
very small, while the end ones were plainly visible, especially the western- 
most. They marked out an exactly straight line along the course of the 
ecliptic. The progress of these planets toward the east is seen quite 
clearly by reference to the fixed star mentioned, since Jupiter and its ac- 
companying planets were closer to it, as may be seen in tlie figure 
above. At the fifth hour, the eastern star closer to Jupiter was one 
minute away. 

At the first hour on February twenty-eighth, two stars only were 
seen; one easterly, distant nine minutes from Jupiter, and one to the 
west, two minutes away. They were easily visible and on the s£une 
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straight line. The fixed star, perpendicular to this line, now fell under 
the eastern planet as in this figure: 

East * 0 * 

★ 

At the fifth hour a third star, two minutes east of Jupiter, was seen in 
(his position: 

East ^ 0 * West 

On the first of March, forty minutes after sunset, four stars all to the 
east were seen, of which the nearest to Jupiter was two minutes away, 
the next was one minute from tliis, the third two seconds from that and 
brighter than any of the others; from this in turn the most easterly was 
foiu- minutes distant, and it was smaller than the rest. They mtu-ked 
out almost a straight line, but the third one counting from Jupiter was a 
little to the north. The fixed star formed an equilateral triangle with 
Jupiter and the most easterly star, as in this figure: 

East ^ 4c ^1^ West 


★ 

On March second, half an hour after sunset, there were three planets, 
two to the east and one to the west, in tliis configuration: 

East ® 


★ 

The most easterly was seven minutes from Jupiter and thirty seconds 
from its neighlxjr; the western one was l^'O minutes away fmm Jupiter, 
llie end stars were very bright and were larger than that in the middle, 
which appeared very small. The most easterly star appeared a little 
elevated toward the north from the straight line through the other 
planets and Jupiter. The fixed star previously mentioned was eight min- 
utes from the western planet along the line drawn from it perpen- 
dicularly to the straight line through all the planets, as shown above. 
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I have reported these relations of Jupiter and its companions with the 
fixed star so that anyone may comprehend that the progress of those 
planets, both in longitude and latitude, agrees exactly with the move- 
ments derived from planetary tables. 

Such are the observations concerning the four Medicean planets re- 
cently first discovered by me, and although from these data their periods 
have not yet been reconstructed in numerical form, it is legitimate at 
least to put in evidence some facts worthy of note. Above all, since they 
sometimes follow and sometimes precede Jupiter by the same intervals, 
and they remain within very limited distances either to cast or west of 
Jupiter, accompanying that planet in both its retrograde and direct move- 
ments in a constant manner, no one can doubt that they complete their 
revolutions about Jupiter and at the same time effect all together a 
twelve-year period about the center of the universe. That they also re- 
volve in unequal circles is manifestly deduced from the fact that at the 
greatest elongation from Jupiter it is never possible to see two of these 
planets in conjunction, whereas in the vicinity of Jupiter they are found 
imited two, three, and sometimes all four together. It is also observed 
that the revolutions are swifter in those planets which describe smaller 
circles about Jupiter, since the stars closest to Jupiter are usually seen 
to the east when on the previous day they appeared to the^ west, and 
vice versa, while the planet which traces the largest orbit appears upon 
accurate observation of its returns to have a semimonthly period. 

Here we have a fine and elegant argument for quieting the doubts of 
those who, while accepting with tranquil mind the revolutions of the 
planets about the sun in the Copemican system, are mightily disturbed to 
have the moon alone revolve about the earth and accompany it in an an- 
nual rotation about the sun. Some have believed that this structure of the 
universe should be rejected as impossible. But now we have not just one 
planet rotating about another while both run through a great orbit around 
the sun; our own eyes show us four stars which wander around Jupiter 
as does the moon around the earth, while all together trace out a grand 
revolution about the sun in the space of twelve years. 

And finally we should riot omit the reason for which the Medicean stars 
appear sometimes to be twice as large as at other times, though their 
orbits about Jupiter are very restricted. We certainly cannot seek the 
cause in terrestrial vapors, as Jupiter and its neighboring fixed stars are not 
seen to change size in the least while this increase and diminution are tak- 

ig. By thiji is meant the greatest angular separation from Jupiter attained by any of the 
satellites. 
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ing place. It is quite unthinkable that the cause of variation should be 
their change of distance from the earth at perigee and apogee, since a 
small circular rotation could by no means produce this eflFect, and an 
oval motion (which in this case would have to be nearly straight) seems 
unthinkable and quite inconsistent with the appearances.** But I shall 
gladly explain what occurs to me on this matter, oflFering it freely to the 
judgment and criticism of thoughtful men. It is known that the interposi- 
tion of terrestrial vapors makes the sun and moon appear large, while 
the fixed stars and planets are made to appear smaller. Thus the two 
great luminaries are seen larger when close to the horizon, while the 
stars appear smaller and for the most part hardly visible. Hence the 
stars appear very feeble by day and in twilight, though the moon does 
not, as we have said. Now from what has been said above, and even more 
from what we shall say at greater length in our System, it follows that not 
only the earth but also the moon is surrounded by an envelope of vapors, 
and we may apply precisely the same judgment to the rest of the planets. 
Hence it does not appear entirely impossible to assume that around 
Jupiter also there exists an envelope denser than the rest of the aether, 
about which the Medicean planets revolve as does the moon about the 
elemental sphere. Through the interposition of this envelope they ap- 
pear larger when they are in perigee by the removal, or at least the at- 
tenuation, of this envelope. 

Time prevents my proceeding further, but the gentle reader may ex- 
pect more soon. 

20. Tlie marked variation in brightness of the satellites which Galileo observed may 
b<j attributed mainly to markings upon their surfaces, though this was not deter- 
mined unt J two centuries later. The mention here of a possible oval shape of the 
orbits IS the closest Galileo ever came to accepting Kepler’s great discovery of the 
previous year. Even here, however, he was probably not thinking of Kepler’s 
work but of an idea propased by earlier astronomers for the moon and the planet 
Venus. 


Translated by Stillman Drake, 
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V^ampanella, Italian philosopher, was bom at Stilo, Calabria, in 
1568. He became a member of the Dominican Order in 158Z. The 
chance reading of a work of natural philosophy called De Rerum 
Natura by one Telesio is said to have changed his view of the world. 
Telesio’s work appealed to nature rather than to authority, and 
Campanella defended its author in a book titled Philosophy Demon- 
strated According to the Senses ( 1591 ). This book, and his own op- 
position to the authorities, required his departure from Naples for 
Rome and other Italian cities in the following years. He returned to 
Naples in 1598 and was implicated, perhaps unjustly, in a plot 
to free the city from Spanish nile. He was convicted, sentenced to 
prison, and remained there for twenty-eight years. During this time 
he composed a sonnet series and most of his philosophical works, 
including the Defense of Galileo, from which the following selection 
is taken. 

Campanella never denied — ^indeed he always supported — tlie tem- 
poral power of the pope. On his release from prison, he found favor 
with Pope Urban VIII. The latter persuaded Campanella to go to 
Paris upon the outbreak of a new conspiracy. There he was well 
received by Cardinal Richelieu. Campanella died in Paris, while en- 
gaged in preparing a complete edition of his works, on May 21, 1639. 

Campanella was widely read in the scientific literature! of his 
day. He rejected Aristotelianism in the study of man and nature, 
preferring instead direct recourse to the subject of inquiry. He ac- 
cepted the authority of faith in matters of revealed theology, but 
he maintained that philosophy should be based on experience. In 
what is probably his most famous work, The City of the Sun ( 1623), 
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he describes an ideal state, much influenced by Plato’s Republic, 
which is ruled by philosopher-priests. 

I s the philosophy which Galileo has made famous and important in 
harmony with or opposed to the Holy Scriptures?” asks CampaneUa 
in the Foreword to the Defense of Galileo. That is the prime question 
which concerns him in the following selection, and it should not sur- 
prise us, therefore, that he does not defend Galileo by asserting the 
“truth” of Galileo’s discoveries, in which CampaneUa probably be- 
lieved. The question is, after all, not whether Galileo’s theories are 
true, but whether their truth, even if it exists, runs counter to what 
even CampaneUa would have insisted was a higher truth. For any 
Christian of the seventeenth century, Galileo not excepted, the asser- 
tion of proj>ositions obviously or demonstrably contrary to Scripture 
would have been unthinkable. 

The question whether Galileo’s philosophy was in fact contrary to 
Scripture was, however, susceptible to argument, and CampaneUa 
discusses that question here. Though it is clear enough where his 
sympathies lie, it is noteworthy that he is careful to do full justice to 
the arguments of his opponents. And he counters them on their 
own terms. If they cite authority against Galileo, he cites authority 
for Copernicus, which is in effect authority for Galileo himself. If 
they cite Scripture, he cites Scripture in return. If thev cite tradition, 
then he cites tradition in return. The argument is thus a proper 
one; the issue is truly joined. The same cannot be said of some of the 
controversies, however hotly waged, of our own day. 

Simply stated, the position of those who opposed Gah’leo was as 
follows: that Galileo asserted the truth, and not merely the hypotheti- 
cal possibility, of the Copernican system; that tius assertion involved 
the denial of Holy Writ; that tliis denial involved the denial of God; 
and that the denial of God involved the eternal damnation of the 
denier and, possibly, of the entire human race. The fact that the last 
three propositions are no longer held to follow from the first should 
not lead us to ignore the deadly seriousness of the matter. Indeed, 
within the last generation the question whether scientific advances 
involve the possible destniction of the entire human race has 
once again been raised. There are many persons of so-called liberal 
persuasion — persons, that is, who would have defended Galileo’s 
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right to speak — ^who now advocate the control of science because of 
what it can and may do to man and the world. At the same time, 
modern states feel morally obliged, as the church did in Galileo’s 
time, to set limits on the freedom of scientific inquiry and on the 
communication of scientific knowledge. 

Though it is stated in an outmoded way, the question that Cam- 
panella asks is a perennial one. Should science be in the service of 
man? If so, and if it is allowed free reign, then its results may lead 
to tlie disservice of man. However, the restriction of science might 
also lead to the disservice of man. On tlie other hand, it is sometimes 
claimed that science is an end in itself, and that it is v^aong to de- 
mand that it be in the service of anything else. It is not at all too 
much to say that Campanella’s arguments are capable of helping us 
to understand this great dilemma. 



Arguments for and against Galileo 

from The Defense of Galileo 


t FOREWORD 

t is now essential to discuss two questions: first, should the new 
philosophy be permitted to search for truth, and secondly, is it desirable 
or allowable to suppress both the Aristotelian sect and the authority of 
heathen philosophers, and for oiir Christian schools to teach the new 
philosophy in hannony with Sacred Doctrine? A third fundamental 
controversy has been precipitated by those who condemn the exalted 
philosophy of Galileo the Florentine because they believe it opposed to 
the dogmas of Holy Scripture. I shall reply as the truth appears to me. 

I ask therefore; Is the philosophy which Galileo has made famous and 
important in harmony with or opposed to the Holy Scriptures? Five chap- 
ters will complete this inquiry. In the first I shall set forth the arguments 
and contentions which oppose Galileo; in the second, those which sup- 
port him. I shall develop in the following chapter three hypotheses 
which lead to a double conclusion, and answer in the fourth the arguments 
brought against Galileo. In the fifth and last I shall discuss [and in part 
refute] the arguments which favor him. 

THE ARGUMENTS BROUGHT AGAINST GALILEO 

1. He has completely overturned theological dogmas, and attempts to 
introduce new theories opposed to the science and metaphysics of Aris- 
totle upon which St. Thomas and all scholastics have based theological 
doctrine. 

a. He promulgates opinions which contradict those of all the Fathers 
and scholastics. Indeed, he teaches that tlie sun and sphere of the stars 
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remain fixed, that the earth moves, and is placed beyond the center of 
the world. The Fatliers, the scholastics, and our senses inform us dif- 
ferently. 

3. Galileo openly contradicts Sacred Scripture. It is said in Psalm 92, 
‘Tor he hath established the world which shall not be moved,” and in 
Psalm 103, “Who hast founded the earth upon its own bases; it shall not 
be moved for ever and ever.” And Solomon states in Ecclesiastes 1, 
“But the earth standeth for ever.” 

4. Scripture clearly describes the motion of the sun, and says in Ec- 
clesiastes 1, “The earth standeth for ever; the sun riseth and goeth down, 
and returneth to his place, and there rising again, inakcth his round 
by the south, and turneth again to the north; the spirit goeth forward 
surveying all places round about, and returneth to his circuits.” 

5. It is called in Joshua lo a great miracle that Joshua restrained the 
motion of the sun by his command, “Move not, O sim, toward Gabaon, 
nor thou, O moon, toward the valley of Ajalon. ... So the sun stood 
still in the midst of heaven, and hasted not to go down for the space of 
one day.” This miracle again is described in Ec'clesiasticus 46. 

6. In Isaiah 38, God gave Hezekiah a portent in the sundial of Ahaz, 
as a sign that he would recover his health, “And the sun returned ten 
lines by the degrees by which it had gone down.” As we know from 2 
Paralipomenon 32 [2 Chronicles], the King of the Chaldeans questioned 
Hezekiah regarding this portent, and believing that it resulted from 
natural causes, denied that the sun had moved backward. If God did 
not stop the motion of the sun [it is declared], there was no miracle. 
Therefore Galileo shows that Scripture is false, for Scripture describes as 
true miracles the standing and the returning of the sun. 

7. The moving stars of heaven are praised in Holy Scripture. Deborah 
sings in her song, Judges 5, “The stars remaining in their order and 
courses fought against Sisra.” Therefore the stars move, and necessarily 
the heaven, for they are believed placed within it as knots within a 
board. Moreover, the Apostle Judas speaks of “wandering stars,” [ J3] and 
3 Esdras 4, “Great is the earth, high is the heaven, swift is the sun in his 
course, for he compasseth the heavens round about, and returneth again 
to his own place in one day.” Since Galileo makes the starry heaven 
immobile, he openly contradicts the Scripture of God, 

8. Galileo also says that water exists on the moon and the planets, which 
cannot be. Tliese bodies are incorniplible, for do not all scholastics con- 
tend with Aristotle that they endure without change throughout all time? 
He describes lands and mountains in the moon and other celestial globes, 
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and not only vilifies immeasurably the homes of the angels, but lessens 
our hope regarding heaven. 

9. If the four elements which form our world exist in the stars, it 
follows from the doctrine of Galileo that, as Mohammed declared, there 
are many worlds with lands and seas, and with human inhabitants. How- 
ever, Scripture speaks of only one world and of one created man, so that 
this belief is opposed to Scripture. I pass without comment the opinion 
that Galileo has revived the heresy that Christ must make atonement for 
the men who inhabit the stars, and die there again; just as formerly it 
was said that Christ must be crucified a second time in the antipodes, 
if the men living there were to be saved as we have been saved. The 
heretic Paracelsus, whom the Jesuit Martin Delrio attacked in his Dis- 
course on Magic, placed men, who rightly should participate in heavenly 
bliss, under the earth, in the air, and within the water, and questioned 
their redemption. 

10. It IS believed tliat nothing except the derogatory and the scandalous 
can be contributed by Galileo, Our sch<x)ls now have and teach a theory 
of heaven and earth which supports scholastic theology. Whatever con- 
flicting theory others present is therefore believed to degrade this 
theology and to prepare the way for its destniction. 

11. Holy Scripture counsels \is to “seek nothing higher, nor attempt to 
know more than it is necessary to know”; that we “leap not over the 
bounds which the Fathers set”; and tliat “the diligent searcher of 
majesty is overcome by vainglory.” Galileo disregards this counsel, sub- 
jects the heavens to his invention, and constructs the whole fabric of the 
world according to his pleasure. Cato rightly taught us to “leave secret 
things to God, and to permit heaven to inquire concerning them; for he 
who is mortal should concern liimself with mortal things.” 

THE ARGUMENTS WHICH SUPPORT GALILEO 

] . I mention first that De Revolutionibus Orbium Caelestium Libri VI, 
which CopcTiiicus grounded upon observations of the heavens made in 
1525, was presented for publication by respected and reputable theolo- 
gians. By this act they expressed a judgment that the book contains noth- 
ing inimical to Catholic faith, despite the fact that it argues for the mo- 
tion of the earth, the immobility of the firmament, and places the sun in 
the center of the starry heaven. Galileo has made no additions to the 
system advanced by Copernicus, and if the Revolutions does not adversely 
affect Catholic faith, neither does tlie work of Galileo. 
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2. Pope Paul III, to whom Copernicus dedicated the Revolutions, ap- 
proved the book. Likewise did the Cardinal [Schonberg], who, as the 
prefatory epistle shows, begged to have the unprinted manuscript tran- 
scribed at his own expense. At the time of Paul III distinguished genius 
flourished within the church, and the Pontiff summoned from afar men 
of ability, spirit, and noble mind, and supported and adorned them with 
honor. It indeed would be strange if such able men had imitated blind 
moles by rejecting Copernicus. Our contemporaries who oppose his theory 
are not so great in reputation. I add that Galileo, who seeks always more 
precise observations, has [with the telescope] sharper eyes than Argus. 

3. After Copernicus had published the Revolutions, Erasmus Rein- 
hold, John Stadius, Michael Maestlin, Christopher Rothmann and many 
others accepted his theory. Later astronomers tliought themselves unable 
to prepare accurate ephemerides unless they employed the calculations 
of Copernicus. They also found themselves wholly at a loss to explain 
celestial motions without violation of mathematical principles and in 
harmony with the judgment of reason and of all people, unless they em- 
ployed the Copemican hypothesis. Nor is the heliocentric theory as 
recent as Copernicus. As the result of his observations of celestial phe- 
nomena, Francesco [Domenico] Maria of Ferrara previously had taught 
that a new system of astronomy should be constructed. His disciple 
Copernicus built this system. 

4. The learned Cardinal Cu^anus accepted the hypothesis, and ac- 
knowledged that other suns and planets move in orbits in the starry 
heaven. Nolanus [Bruno], whose errors cannot be named, also supported 
the theory, as did other philosophers. (Nor were the heretics so much 
condemned for upholding the hypothesis; rather, Catholics were for- 
bidden to read their books, ) Outstanding among Copemican advocates is 
John Kepler, mathematician to the Emperor, who defends the theory in 
his prefatory dissertation to the Starry Messenger of Galileo. I also may 
add to them William Gilbert, in his On the Magnet, and innumerable other 
Englishmen. Giovanni Antonio Magini, mathematician of Padua, de- 
clared in his Ephemerides from 1581 to the present year of 1616 that he 
accepted the calculations and positions set forth by Copernicus and Rein- 
hold. He boldly criticized other cosmological theories in man/ of his 
letters. 

5. For more than thirty years the Jesuit and Aristotelian, Reverend 
Father Clavius, supported the Ptolemaic hypothesis. When he observed 
however that the planets Mercury and Venus revolve about the sun, he 
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advised astronomers in the final edition of his Works that some system 
other than the Ptolemaic must be sought. One recent astronomer, Fictus 
Apelles, gave serious consideration to this admonition, and as a result of 
both the warning and his observation of spots on the sun, looked with 
favor upon the hypothesis of Galileo and Copernicus. 

6. Galileo s theory of the motion of the earth, of a central sun, and of 
the systems of stars with waters and earthly elements is indeed an an- 
cient conception. It comes from the mouth of Moses himself, and from 
Pythagoras. Saint Ambrose tells us that although Pythagoras was bom in 
a Grecian city, he was a Jew with Moses. He taught disciples in Greece, 
and after going into Italy, in Crotona of Calabria. His beliefs [later] were 
attacked by Aristotle, not with mathematical demonstrations, but with 
inane reasons and moralistic, rustic conjectures. According to the state- 
ments of Giovanni Pico della Mirandola and Saint Ambrose, Aristotle 
condemned Pythagoras in the same fashion as he condemned the Books 
of Moses. He was unable by syllogistic logic to understand their divine 
mystery, recondite thought, and sublime majesty. Such an attack upon 
Moses vindicates our great Galileo from similar insults cast by the Greeks. 

As not only Ovid, but as many historians declare, Numa Pompilius, 
disciple of Pythagoras and the wisest emperor of Rome, supported the 
hypothesis. Pliny truthfully states, despite the denial of some writers, 
that having been commanded by the oracle of Delphos to erect and 
dedicate a statue to the wisest of the Greeks, the Roman Senate dedicated 
a statue to Pythagoras and named him the most learned of the philoso- 
phers. Those who blacken the doctrine and scientific method of Galileo 
defame Moses, Rome, and Italy. They set Aristotle above Pythagoras at 
a time when long-buried truth is gleaming forth. But this is not our 
greatest sin; this sin is that we have neither made known the new earths, 
the new systems in the heavens, and the new celestial phenomena, nor 
have declared abroad the harmony of Scripture and Copemican philoso- 
phy. 

7. From the time of Caselli and Francesco Maria of Ferrara until the 
present, theologians did not condemn Copemican astronomy. More- 
over, reputable men ordered that the Revolutions be printed. Such 
theologians are not fewer today. The traducers of Cahleo have fom^ted 
insurrection, not because of their zeal for the teaching of Christ, but from 
ignorance and jealousy. 

8. Because heaven is immobile. Holy Scripture names it the firma- 
ment. The earth therefore must rotate, and the sun stand in the center of 



364 Tommaso CampaneUa 

the world. As Copernicus and his followers prove and the followers of 
Ptolemy now admit, this system explains all phenomena and accords 
with all principles of mathematics. 

9. The spots on the sun, the new stars in the heavens, and comets above 
the moon demonstrate clearly that the stars are worlds constructed of 
material substance. 

10. It is not possible to explain correctly and satisfactorily the text of 
Moses unless the stars are so constructed. We prove this below from the 
most saintly Fathers. 

11. In his Answers to the Orthodox, St. Justin teaches us that when 
controversy regarding the shape and movement of heaven arose between 
Christians and heathen, the heathen declared heaven was spherical 
and mobile, and the Christians that it was a vault which stood immobile. 
Many Fathers of the Church describe heaven as the firmament be- 
cause it is uiunoved. 


Translated by G. McCoUey. 




Michael Faraday ' 


1791-1867 


T 

JLhe Royal Institution in London, of which Michael Faraday was 
the director for more than forty years, was not a school. It was 
supported by endowments and was a pure research establishment 
But there were paying members who were allowed to come to the 
lectures given by associates of the Institution. The audience of these 
lectures consisted at first only of adults. But Faraday liked to talk 
to young people about scientific subjects, and he knew that young 
people liked to hear him. In December, 1826, he began a series of 
lectures for the sons and daughters of members of the Institution. 
These became known as the Christmas Lectures, since they were 
given during the Christmas holidays. 

The Christmas Lectures were highly successful from the very be- 
ginning. In all, Faraday gave them nineteen times, choosing as his 
subject matter, on difiFerent occasions, aspects of chemistry, elec- 
tricity and magnetism, gravitation, the various forces of nature, 
and other scientific fields. In December, i860, Faraday gave the last 
of his Christmas Lectures. The title was The Chemical History of a 
Candle. 

Faraday did not write down his lectures. We owe our knowledge 
of them to a young scientist named William Crookes, who had a 
stenographer take down a complete word-for-word record. Crookes 
published the lectures, and it is this version that we reprint here. In 
his introduction, Crookes bemoaned “the impossibility, alasl of con- 
veying the manner as well as the matter of the Lecturer.” Faraday 
was sixty-nine years old when he gave the lectures on The Chemical 
History of a Candle, but he was still alert and as enthusiastic about 


* For a biography of Faraday, see VoL 7, pp. ao4-ao6. In this set. 
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science as he ever had been. His slender fingers handled the pieces 
of equipment with the same wonderful skill for which he was famous 
throughout the scientific world. What we have here in print is per- 
haps a pale copy of the reality. It would have been a fine thing to 
be one of those young people in the great lecture hall of the Royal 
Institution, listening to its celebrated director talking about candles, 
light, and the beauty of scientific truth. Yet it may be that some of 
the magic of that occasion comes through in the printed text. At 
least, generations of readers have found it to be so. 

“You have the glittering beauty of gold and silver,” says Faraday, 
"and the still higher lustre of jewels, like the ruby and diamond; 
but none of these rival the brilliancy and beauty of flame.” Perhaps 
the greatest scientist who ever lived was that forgotten Stone Age 
man who discovered fire. He gave mankind something to use and 
to worship. In our enlightened age we still maintain some “sacred” 
flames to remind us how much we owe to fire. 

Fire is sacred not only because it gives us power to control 
nature. Fire, a flame, is also symbolical of understanding; it gives 
light. Faraday, in these lectures, sees not only the pure light 
of the candle as beautiful. What the buniing candle represents is 
also beautiful, and he succeeds in making us see this. For “there is 
not a law under which any part of this universe is governed which 
does not come into play, afid is touched upon in these phenomena” 
of the candle flame. Everything fits together. The universe is un- 
derstandable. Facts have meaning; they are not just so many puz- 
zles. It is Faraday’s delight in the scientific laws which he did so 
much to discover that shines through these pages. 

The candle flame represents for him even more than the meaning- 
fulness of the physical world. The study of fire shows us the inter- 
dependence of all living things. Flame itself has a kind of life; “it 
breaks out with a power of life which is quite wonderful.” What is 
more, our breathing is a kind of fire. The air acts upon the blood in 
our lungs, “producing precisely the same results in kind as we have 
seen in the case of the candle.” Finally, the product of oar breath- 
ing is carbonic acid (we call it carbon dioxide); this go^s up into 
the air and “is the very life and support of plants and vegetables 
that grow upon the surface of the earth.” These in tmil produce 
oxygen, and “so are we made dependent, not merely upon our fellow- 
creatures, but upon our fellow-existers, all Nature being tied to- 
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gether by the laws that make one part conduce to the good of an- 
other.” 

“Life is a pure flame; we live by an invisible fire within us,” wrote 
Sir Thomas Brovmne. Though Sir Thomas was a physician, he lived 
before the Age of Science, and he probably meant something 
more mysterious by that famous sentence than Faraday would 
have liked. Nevertheless, Faraday does seem to be saying that there 
is something mysterious, as well as beautiful, about a candle flame. 
“The candle alone shines by itself, and for itself,” he says, and he 
ends his last lecture by wishing “that you may, in your generation, 
be fit to compare to a candle; that you may, like it, shine as hght 
to those about you.” 



The Chemical History 
of a Candle 


LECTURE I 

purpose, in return for the honour you do us by coming to see what 
are our proceedings here, to bring before you, in the course of tliese 
lectures, the chemical history of a candle. I have taken this subject on a 
former occasion; and were it left to my own will, I should prefer to repeat 
it almost every year — ^so abundant is the interest that attaches itself to 
the subject, so wonderful are the varieties of outlet which it offers into 
the various departments of philosophy. There is not a law tmder which 
any part of this universe is governed which does not come into play, and 
is touched upon in these phenomena. There is no better, there is no more 
open door by which you can enter into the study of natural philosophy, 
than by considering the physical phenomena of a candle. I trust, there- 
fore, I shall not disappoint you in choosing this for my subject rather than 
any newer topic, which could not be better, were it even so good. 

And before proceeding, let me say this also — that though oiu* subject 
be so great, and our intention that of treating it honestly, seriously, and 
philosophically, yet I mean to pass away from all those who are seniors 
amongst us. I claim the privilege of speaking to juveniles as a juvenile 
myself. I have done so on former occasions — and, if you please, I shall do 
so again. And though I^stand here with the knowledge of having the 
words I utter given to the world, yet that shall not deter me from speak- 
ing in the same familiar way to those whom I esteem nearest to me on 
this occasion. 

And now, my boys and girls, I must first tell you of what candles are 
made. Some are great curiosities, I have here some bits of timber, 
branches of trees particularly famous for their burning. And here you see 
a piece of that very curious substance taken out of some of the bogs in 
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Ireland, called candle-wood — a hard, strong, excellent wood, evidently 
fitted for good work as a resister of force, and yet withal burning so well 
that where it is found they make splinters of it, and torches, since it bums 
like a candle, and gives a very good h'ght indeed. And in this wood 
we have one of the most beautiful illustrations of the general nature of 
a candle that I can possibly give. The fuel provided, the means of bring- 
ing that fuel to the place of chemical action, the regular and gradual 
supply of air to that place of actirm, heat and light — all produced by a 
little piece of wood of this land, forming, in fact, a natural candle. 
But we must speak of candles as they are in commerce. Here are a 
couple of candles commonly called dips. They are made of lengths of 
cotton cut off, hung up by a loop, dipped into melted tallow, taken out 
again and cooled, then re-dipped until there is an accumulation of tallow 
round the cotton. In order that you may have an idea of the various 
characters of these candles, you see these which I hold in my hand — ^they 
are \ery small, and very curious. They are, or were, the candles used by 
the miners in coal mines. In olden times the miner had to find his own 
candles; and it was supposed that a small candle would not so soon set 
fire to the fire-damp in the coal mines as a large one; and for that reason, 
as well as for economy’s sake, he had candles made of this sort — 
twenty, thirty, forty, or sixty to the pound. They have been replaced since 
then by the steel mill, and then by the Davy lamp, and other safety- 
lamps of various lands. I have here a candle that was taken out of the 
Royal George,^ it is said, by Colonel Pasley. It has been sunk in the sea 
for many years, subject to tlie action of salt water. It shows you how well 
candles may be preserved; for though it is cracked about and broken a 
good deal, yet, when lighted, it goes on burning regiJarly, and the tallow 
resumes its natural condition as soon as it is fused. 

Mr, Field, of Lambeth, has supplied me abundantly with beautiful il- 
lustrations of the candle and its materials. I shall therefore now refer to 
them. And, first, there is the suet — the fat of the ox — Russian tallow, I 
believe, employed in the manufacture of these dips, which Gay-Lussac, 
or some one who entrusted him with his knowledge, converted into that 
beautiful substance, stearin, which you see lying beside it. A candle, you 
know, is not now a greasy thing like an ordinary tallow candle, but a 
clean thing, and you may almost scrape off and pulverize the drops which 

1. The Royal George sunk at Spithead on the 29th of August, 1782. Colonel Pasley 
commenced operations for the removal of the wreck by the explosion of gunpowder, 
in August, 1839. The candle which Professor Faraday exhibited must therefore 
have been exposed to the action of salt water for upwards of fifty-seven years,— 
WiUiam Crookes. 
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fall from it without soiling anything. This is the process he adopted.* The 
fat or tallow is first boiled with quicklime, and made into a soap, and 
then the soap is decomposed by sulphuric acid, which takes away the 
hme, and leaves the fat re-arranged as stearic acid, while a quantity of 
glycerine is produced at the same time. Glycerine — absolutely a sugar, or 
a substance similar to sugar — comes out of the tallow in this chemical 
change. The oil is then pressed out of it; and you see here this series of 
pressed cakes, showing how beautifully the impurities are carried out by 
the oily part as the pressure goes on increasing, and at last you have 
left that substance which is melted, and cast into candles as here repre- 
sented. The candle I have in my hand is a stearin candle, made of 
stearin from tallow in the way I have told you. Then here is a sperm can- 
dle, which comes from the purified oil of the spermaceti whale. Here also 
are yellow bees-wax and refined bees-wax, from which candles are made. 
Here, too, is that curious substance called paraflSn, and some paraffin 
candles made of paraffin obtained from the bogs of Ireland. I have here 
also a substance brought from Japan, since we have forced an entrance 
into that out-of-the-way place — a sort of wax which a kind friend has 
sent me, and which forms a new material for the manufacture of candles. 

And how are these candles made? I have told you about dips, and I 
will show you how moulds are made. Let us imagine any of these can- 
dles to be made of materials which can be cast. '‘Cast!*’ you say. "Why, a 
candle is a thing that melts; .and surely if you can melt it, you can cast 
it.” Not so. It is wonderful, in the progress of manufacture, and in the con- 
sideration of the means best fitted to produce the required result, how 
things turn up which one would not expect beforehand. Candles cannot 
always be cast. A wax candle can never be cast. It is made by a particu- 
lar process, which I can illustrate in a minute or two; but I must not 
spend much time on it. Wax is a thing which, burning so well, and melt- 
ing so easily in a candle, cannot be cast. However, let us take a material 
that can be cast. Here is a frame, with a number of moulds fastened in it. 
The first thing to be done is to put a wick through them. Here is one — a 

%, The fat or taUow consists of a chemical combination of fatty acids with glycerine. 
The lime unites with thd palmibc, oleic, and stearic acids, and separates the 
glycerine. After washing, the insoluble lime soap is decomposed with hot dilute 
sulphuric acid. The melted fatty acids thus rise as an oil to me surface, when they 
are decanted. They are again washed and cast into thin plates, which, when cola, 
are placed between layers of cocoa-nut matting, and submitted to Intense hy- 
draulic pressure. In this way the soft oleic acid is squeezed out, while the hard 
palmitic and stearic acids remain. These are further purified by pressure at a higher 
temperature, and washing in warm dilute sulphuric add, when mey are ready to be 
made into candles. These acids are harder and whiter than the fats from which 
they were obtained, while at the same tune they are cleaner and more combustible. 
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plaited wick, which does not require snuflBng® — ^supported by a little 
wire. It goes to the bottom, where it is pegged in — the little peg hold- 
ing the cotton tight, and stopping the aperture, so that nothing fluid 
shall run out. At the upper part there is a little bar placed across, which 
stretches the cotton and holds it in the mould. The tallow is then melted, 
and the moulds are filled. After a certain time, when the moulds 
are cool, the excess of tallow is poured off at one comer, and then cleaned 
off altogether, and the ends of the wick cut away. The candles alone then 
remain in the mould, and you have only to upset them, as I am doing, 
when out they tumble, for the candles are made in the form of cones, 
being narrower at the top than at the bottom; so that what with their 
form and their own shrinking, they only need a little shaking, and out 
they fall. In the same way are made these candles of stearin and of 
paraflBn. It is a curious thing to see how wax candles are made. A lot of 
cottons are hung upon frames, as you see here, and covered with metal 
tags at the ends to keep the wax from covering the cotton in those places. 
These are carried to a heater, where the wax is melted. As you see, the 
frames can turn round; and as they turn, a man takes a vessel of wax 
and pours it first down one, and then the next, and the next, and so on. 
Wlien he has gone once round, if it is sufficiently cool, he gives the first 
a second coat, and so on until they are all of the required thickness. When 
they have been thus clothed, or fed, or made up to that thickness, they 
are taken off, and placed elsewhere. I have here, by the kindness of Mr. 
Field, several specimens of these candles. Here is one only half-finished. 
They are then taken down, and well rolled upon a fine stone slab, and 
the c'^mical top is moulded by properly shaped tubes, and the bottoms 
cut off and trimmed. This is done so beautifully that they can make 
candles in this way weighing exactly four, or six, to tlie pound, or any 
number they please. 

We must not, however, take up more time about the mere manu- 
facture, but go a little further into the matter. I have nut yet referred you 
to luxuries in candles (for there is such a thing as luxury in candles). See 
how beautifully these are coloured: you see here mauve, magenta, and 
all the chemical colours recently introduced, applied to candles. You ob- 
serve, also, different forms employed. Hne is a fluted pillar most beauti- 
fully shaped; and I have also here some candles sent me by Mr. Pearsall, 
which are ornamented with designs upon them, so that as they bum you 
have as it were a glowing sun above, and a bouquet of flowers beneath. 

3 A litlle borax or phosphorus salt is sometimes added, in order to make the ash 

fusible. 
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All, however, that is fine and beautiful is not useful. These fluted can- 
dles, pretty as they are, are bad candles; they are bad because of their 
external shape. Nevertheless, I show you these specimens sent to me 
from land friends on all sides, that you may see what is done, and what 
may be done in this or that direction; although, as I have said, when we 
come to these refinements, we are obliged to sacrifice a little in utility. 

Now, as to the light of the candle. We will light one or two, and set 
them at work in the performance of their proper functions. You observe 
a candle is a very diflFerent thing from a lamp. With a lamp you take a 
little oil, fill your vessel, put in a little moss or some cotton prepared by 
artificial means, and then light the top of the wick. When the flame 
runs down the cotton to the oil, it gets extinguished, but it goes on 
burning in the part above. Now I have no doubt you will ask, how is it 
that the oil, which will not bum of itself, gets up to the top of the cotton, 
where it will bum? We shall presently examine that; but there is a 
much more wonderful thing about the burning of a candle than this. 
You have here a solid substance with no vessel to contain it; and how is 
it that this solid substance can get up to the place where the flame is? 
How is it that this solid gets there, it not being a fluids or, when it is 
made a fluid, then how is it that it keeps together? This is a wonderful 
thing about a candle. 

We have here a good deal of wind, which will help us in some of our 
illustrations, but tease us in .others; for the sake, therefore, of a little 
regularity, and to simplify the matter, I shall make a quiet flame — for 
who can study a subject when there are diflBculties in the way not bc'long- 
ing to it? Here is a clever invention of some costermonger or street 
stander in the market-place for the shading of their candles on Satur- 
day nights, when they are selling their greens, or potatoes, or fish. I have 
very often admired it. They put a lamp-glass round the candle, supjx)rted 
on a kind of gallery, which clasps it, and it can be slipped up and down 
as required. By the use of this lamp-glass, employed in the same way, 
you have a steady flame, which you can look at, and carefully examine, 
as I hope you will do, at home. 

You see, then, in the^first instance, that a beautiful cup i| formed. 
As the air comes to the candle it moves upwards by the force of the cur- 
rent which the heat of the candle produces, and it so cools all the sides 
of the wax, tallow, or fuel, as to keep the edge much cooler than the part 
within; the part within melts by the flame that runs down the wick as far 
as it can go before it is extinguished, but the part on the outside does not 
melt. If I made a current in one direction, my cup would be lop-sided, 
and the fluid would consequently run over — for the same force of gravity 
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which holds worlds together holds this fluid in a horizontal position, and 
if the cup be not horizontal, of course the fluid will run away in guttering. 
You see, therefore, that the cup is formed by this beautifully regular 
ascending current of air playing upon all sides, which keeps the exterior 
of the candle cool. No fuel would serve for a candle which has not the 
property of giving this cup, except such fuel as the Irish bogwood, where 
the material itself is like a sponge, and holds its own fuel. You see now 
why you would have had such a bad result if you were to bum these 
beautiful candles that I have shown you, which are irregular, intermittent 
in their shape, and cannot therefore have that nicely formed edge to the 
cup which is the great beauty in a candle. I hope you will now see that 
the perfection of a process — that is, its utility — is the better point of 
beauty about it. It is not the best-looking thing, but the best-acting thing, 
which is the most advantageous to us. This good-looking candle is a 
bad burning one. There will be a guttering round about it because of the 
irregularity ot tiie stream of air and the badness of the cup which is 
formed thereby. You may see some pretty examples ( and I tmst you will 
notice these instances) of the action of the ascending current when 
you have a little gutter run down the side of a candle, making it thicker 
there than it is elsewhere. As the candle goes on burning, that keeps its 
place and forms a httle pillar sticking up by the side, because, as it 
rises higher above the rest of the wax or fuel, the air gets better round 
it, and it is more cooled and better able to resist the action of the heat at 
a little distance. Now, the greatest mistakes and faults with regard to 
candles, as in many other things, often bring with them instruction which 
we should not receive if they had not occurred. We come here to be 
philosophers; and I hope you will always remember that whenever a re- 
sult happens, especially if it be new, you should say, “Wliat is the 
cause? Why does it occur?" and you will in the course of time find out 
the reason. 

Then, there is another point about these candles which will answer a 
question — that is, as to the way in which this fluid gets out of the cup, 
up the wick, and into the place of combustion. You know that the flames 
on these burning wicks in candles made of bees-wax, stearin, or sperma- 
ceti do not run down to the wax or other matter, and melt it all away, 
but keep to their own right place. They are fenced off from the fluid be- 
low, and do not encroach on the cup at the sides. I cannot imagine a more 
beautiful example than the condition of adjustment under which a 
candle makes one part subserve to the other to the very end of its ac- 
tion. A combustible thing like that, burning away gradually, never being 
intruded upon by the flame, is a very beautiful sight; especially when 
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you come to leam what a vigorous thing flame is — ^what power it has of 
destroying the wax itself when it gets hold of it, and of disturbing its 
proper form if it come only too near. 

But how does the flame 
get hold of the fuel? 
There is a beautiful point 
about that — capillary at- 
traction.^ “Capillary at- 
traction!” you say. “The 
attraction of hairs!” Well, 
never mind the name: it 
was given in old times, 
before we had a good un- 
derstanding of what the 
real power was. It is 
by what is called capillary attraction that the fuel is conveyed to 
the part where combustion goes on, and is deposited there, not in a 
careless way, but very beautifully in the very midst of the centre of ac- 
tion which takes place around it. Now, I am going to give you one or 
two instances of capillary attraction. It is that kind of action or at- 
traction which makes two things that do not dissolve in eacji other still 
hold together. When you wash your hands, you wet them thoroughly; 
you take a little soap to make the adhesion better, and you find your 
hand remains wet. This is by that kind of attraction of which I am about 
to speak. And, what is more, if your hands are not soiled ( as they almost 
always are by the usages of life), if you put your finger into a little 
warm water, the water will creep a little way up the finger, 
though you may not stop to examine it. I have here a substance which is 
rather porous — a column of salt — and I will pour into the plate at the 
bottom, not water, as it appears, but a saturated solution of salt which 
cannot absorb more; so that the action which you see will not be due 
to its dissolving anything. We may consider the plate to be the candle, 
and the salt the wick, and this solution the melted tallow. (I have 
coloured the fluid, that yChi may see the action better. ) You observe that, 
now I pour in the fluid, it rises and gradually creeps up the slilt higher 

4. Capillary attraction or repulsion is the cause which determines the ascent or 
descent of a fluid in a capillary tube. If a piece of thermometer tubing, open at each 
end, be plunged into water, the latter will instantly rise in the tube considerably 
above its external level. If, on the other hand, the tube be plunged into mercury, 
repulsion instead of attraction will be exhibited, and the level of the mercury will be 
lower in the tube than it is outside. 
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and higher; and provided the column does not tumble over, it will go 
to the top. If this blue solution were combustible, and we were to place a 
wick at the top of the salt, it would burn as it entered into the wick. It is a 
most curious thing to see this kind of action taking place, and to ob- 
serve how singular some of the circmnstances are about it. When you 
wash your hands, you take a towel to wipe off the water; and it is by 
that kind of wetting, or that kind of attraction which makes the towel 
become wet with water, that the wick is made wet with the tallow. I 
have known some careless boys and girls (indeed, I have known it 
happen to careful people as well) who, having washed their hands and 
wiped them with a towel, have thrown the towel over the side of the 
basin, and before long it has drawn all the water out of the basin and 
conveyed it to the floor, because it happened to be thrown over the side 
in such a way as to serve the purpose of a siphon.® That you may the bet- 
ter see the way in which the substances act one upon another, I have here 
a vessel made ol wire gauze filled with water, and you may compare it 
in its action to the cotton in one respect, or to a piece of calico in the 
other. In fact, wicks are sometimes made of a kind of wire gauze. You 
will observe that this vc'ssel is a porous thing; for if I pour a little water 
on to the top, it will run out at the bottom. You would be puzzled for 
a good while if I asked you what the state of this vessel is, what is inside 
it, and why it is there? The vessel is full of water, and yet you see the 
water goes in and runs out as if it were empty. In order to prove this 
to you, I have only to empty it. The reason is this: the wire, being once 
wetted, remains wet; the meshes are so small that the fluid is attracted 
so strongly from the one side to the other, as to remain in the vessel al- 
though it is porous. In like manner the particles of melted tallow 
ascend the cotton and get to the top; other particles then follow by their 
mutual attraction for each other, and as they reach the flame they are 
gradually burned. 

Here is another application of the same principle. You see this bit of 
cane. I have seen boys about the streets, who are very anxious to appear 
like men, take a piece of cane, and light it and smoke it, as an imitation 
of a cigar. They are enabled to do so by the permeability of the cane in 
one direction, and by its capillarity. If 1 place this piece of cane on a 
plate containing some camphine (which is very much like paraffin in its 

5. The late Duke of Sussex was, we believe, the first to show that a prav\Ti might be 
washed upon tliis prineiple. If the tail, after pulling off the fan part, be placed in a 
tumbler of water, and the head be allowed to hang over the outside, the water will 
bo suckcnl up the tail by capillary attraction, and will continue to run out through 
the head until the water in the glass has sunk so low that the tail ceases to dip into it. 
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general character), exactly in the same manner as the blue fluid rose 
through the salt will this fluid rise through the piece of cane. There 
being no pores at the side, tlie fluid cannot go in that direction, but 
must pass through its length. Already the fluid is at the top of the cane: 

now I can light it and make it 
serve as a candle. The fluid has 
risen by the capillary attraction 
of the piece of cane, just a.s it 
does through the cotton in the 
candle. 

Now, the only reason why the 
candle d(H^s not burn all down 
the side of the wick is that the 
melted tallow extinguishes the 
flame. You know that a candle, if turned upside down so as to allow 
the fuel to run upon the wick, will be put out. Tlie reason is that the 
flame has not had time to make the fuel hot enough to bum, as it docs 
above, where it is carried in small quantities into the wick, and has all 
the effect of the heat exercised upon it. 

There is another condition which you must learn as regards the 
candle, without which you would not be able fully to uncj[grstand the 
philosophy of it, and that is the vaporous condition of the fuel. In order 
that you may understand that, let me show you a very pretty but very 
commonplace experiment. If you blow a candle out cleverly, you will 
see the vapour rise from it. You have, I know, often smelt the vapour of 
a blown-out candle— and a very bad smell it is; but if you blow it out 
cleverly, you will be able to see pretty well the vapour into which this 
solid matter is transformed. I will blow out one of these candles in such 
a way as not to disturb the air around it, by the continuing action of my 
breath; and now, if I hold a lighted taper two or three inches from the 
wick, you will observe a train of fire going through the air till it reaches 
the candle. I am obliged to be cjuick and ready, because, if I allow the 
vapour time to cool, it becomes condensed into a liquid or solid, or the 
stream of combustible iriatter gets disturbed [illustration alxive]. 

Now, as to the shape or form of the flame. It concerns us mueb to know 
about the condition which the matter of the candle finally assumes at 
the top of the wick — where you have such beauty and brightness as 
nothing but combustion or flame can produce. You have the glittering 
beauty of gold and silver, and the still liigher lustre of jewels, like the 
ruby and diamond; but none of these rival the brilliancy and beauty of 
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flame. What diamond can shine like flame? It owes its lustre at night- 
time to the very flame shining upon it. Tlie flame shines in darkness, 
but the light which the diamond has is as nothing until the flame shine 
upon it, when it is brilliant again. The candle alone shines by itself, 
and for itself, or for those who have arranged 
the materials. Now, let us look a little at the 
form of the flame as you see it under the glass 
shade. It is steady and equal; and itu general NLrrf 
fonn is that which is represented in the dia- {jjMli 4^5^ 

gram, varying with atmospheric disturbances, 
and also varying according to the size of the if iV IWl 

candle. It is a bright oblong — brighter at the H ^ [,* 

top than towards the bottom — witli the wick ( |l ^ J' 

in the middle, and besides the wick in the 

middle, certain darker parts towards the bottom, where the igni- 
tion is not So perfect as in the part above. I have a drawing here, 
sketched many years ago by Hooker, when he made his investiga- 
tions. It is the drawing of the flame of a lamp, but it will apply to the 
flame of a candle. The cup of the candle is the vessel or lamp, the melted 
spermaceti is the oil, and the wick is common to both. Upon that he sets 
this little flame, and then he represents what is true — a certain quantity 
of matter rising about it which you do not see, and which, if you have 
not been here before, or are not familiar with the subject, you will not 
know of. lie has here represented the parts of the surrounding atmos- 
pliere that are very essential to the flame, and that are always present 
with it. There is a current formed, which draws the flame out — for the 
flame which you see is really drawn out by the ciurent, and drawn up- 
ward to a great height — just as Hooker has here shown you by that 
prolongation of the current in the diagram. You may see this by taking 
a lighted candle, and putting it in the sun so as to get its shadow 
thrown on a piece of paper. How remarkable it is that that thing 
which is light enough to produce shadows of other objects can be made 
to throw its own shadow on a piece of white paper or card, so that you 
can actually see streaming round the flame something which is not 
part of the flame, but is ascending and J.rawing the flame upwards. 
Now, I am going to imitate ihe sunlight, by applying the voltaic battery 
to the electric lamp. You now see our sun, and its great luminosity; and 
by placing a candle between it and the screen, we get the shadow of the 
flame. You observe the shadow of the candle and of the wick; then there 
is a darkish part, as repri'scnted in the diagram, and then a part which is 
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more distinct. Curiously enough, however, what we see in the shadow 
as the darkest part of the flame is, in reality, the brightest part; and here 
you see streaming upwards the ascending current of hot air, as shown by 
Hooker, which draws out the flame, supplies it with air, and cools the 
sides of the cup of melted fuel [illustration below]. 

I can give you here a little further illustration, for the purpose of show- 
ing you how flame goes up or down, according to the current. I have 
here a flame — it is not a candle flame — but you 
can, no doubt, by this time, generalize enough to 
be able to compare one thing with another. What 
I am about to do is to change the ascending cur- 
rent that takes the flame upwards into a descend- 
ing current. This I can easily do by the little 
apparatus you see before me. The flame, as I have 
said, is not a candle flame, but it is produced by 
alcohol, so that it shall not smoke too much. I 
will also colour the flame with another substance,** so that you may 
trace its course; for with the spirit alone you could hardly see well 
enough to have the opportunity of tracing its direction. By lighting this 
spirit-of-wine, we have then a flame produced; and you observe that 
when held in the air, it naturally goes upwards. You understand now 
easily enough why flames go up under ordinary circumstances — it is be- 
cause of the draught of air by wliich the combustion is formed. But now, 
by blowing the flame down, you see I am enabled to make it go 
downwards into this little chimney — the direction of the current being 
changed [illustration p. 379]. Before we have concluded this course of 
lectures, we shall show you a lamp in which the flame goes up and the 
smoke goes down, or the flame goes down and the smoke goes up. You see, 
then, that we have the power in this way of varying the flame in different 
directions. 

There are now some other points that I must bring before you. Many 
of the flames you see here vary very much in their shape by the cur- 
rents of air blowing around them in different directions, but we can, if 
we like, make flames so that they will look like fixtures, and we can 
photograph them — ^indeed, we have to photograph them, so that they be- 
come fixed to us, if we wish to find out everything concerning them. That, 
however, is not the only thing I wish to mention. If I take a flame suffi- 
ciently large, it does not keep that homogeneous, that uniform condi- 
tion of shape, but it breaks out with a power of life which is quite won- 

6. The alcohol had chloride of copper dissolved in it: tills produces a beautiful green 
flame. 
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derful. I am about to use another kind of fuel, but one which is truly 
and fairly a representative of the wax or tallow of a candle. I have here a 
large ball of cotton, which will serve as a wick. And, now that I have im- 
mersed it in spirit and applied a light to it, in what way does it differ 
from an ordinary candle? Why, it differs very much in one respect, that 
wc have a vivacity and power about it, a beauty and a life entirely dif- 
ferent from the light presented 
bv a candle. You see those fine 
tongues of flame rising up. 

You have the same general 
disposition of the mass of the 
flame from below upwards; 
but, in addition to that, you 
have this remarkable breaking 
out into tongues which you do 
not perceive in the case of a 
candle. Now, why is this? I 
must explain it to you, because 
when you understand that perfectly, you will be able to follow me bet- 
ter in what I have to say hereafter. I suppose some here will have made 
for themselves the experiment I am going to show you. Am I right in sup- 
posing that anybody here has played at snaf)dragon? I do not know a more 
be<uitiful illustration of the philosophy of flame, as to a certain part of 
its histoiy, than the game of snapdragon. First, here is the dish; and let 
me say, that when you play snapdragon properly, you on chi to have the 
dish well warmed; you ought also to have warm plums and warm 
brandy, which, however, I have not got. When you have put the spirit 
into the dish, you have the cup and the fuel; and are not the raisins act- 
ing like the wicks? 1 now throw the plums into the dish, and light the 
spirit, and you .see those beautiful tongues of flame that I refer to. You 
have the air creeping in over the edge of the dish forming these tongues. 
Why? llec'ause, through the force of the current and the irregularity of 
the action of the flame, it cannot flow in one uniform stream. The air 
flows in so irregularly that you have what would otherwise be a single 
image, broken up into a variety of fornii>, and each of these little 
tongues has an independent existence of its own. Indeed, I might say, 
you have here a multitude of inilependent candles. You must not 
imagine, because you sco these tongues all at once, that the flame is of 
this particular .shape. A flame of that shape is never so at any one 
time. Never is a body of flame, like that which \ ou just saw rising from 
the ball, of the shape it appears to you. It consists of a multitude of dif- 
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ferent shapes, succeeding each other so fast that the eye is only able to 
take cognizance of them all at once. In former times, I purposely analysed 
a flame of that general character, and the diagram shows you the different 
parts of which it is composed. They do not occur all at once: it is only 
because we see these shapes in such rapid succession, that tliey seem to 
us to exist all at one time. 



It is t(K) bad that we have not got further than my game of snap- 
dragon; but we must not, under any circumstances, keep you beyond 
your tune. It will be a lesson to me in futuie to hold you more strictly to 
the philosophy of the thing, than to take up your time so much with 
these illustrations. 


LECTURE II 

We were occupied the last time we met in considering the general 
character and arrangement as regards the fluid portion of a candle, and 
the way in which that fluid got into the plac'e of combustion. You see, 
when we have a candle burning fairly in a regular, steady atmospliere, it 
will have a shape something like the one shown in the diagram, and will 
look pretty uniform, although very curious in its charactc^r. And now, I 
have to ask your attention to the means by which we are enabled to 
ascertain what happens in any particular part of the flame — why it hap- 
pens, what it does in happening, and where, after all, the whole candle 
goes to: because, as you know very well, a candle being brought before 
us and burned, disappears, if burned properly, without the least trace of 
dirt in the candlestick — and this is a very curious circunistance. In 
order, then, to examine this candle carefully, I have arranged certain 
apparatus, the use of which you will see as I go on. Here i^ a candle: 
I am about to put the end of this glass tube into the middle of the flame 
— ^inlo that part which old Hooker has represented in the diagram as 
being rather dark, and which you can see at any time, if you will look 
at a candle carefully, without blowing it about. We vrill examine this dark 
part first. 
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Now, I take this bent glass tube, and introduce one end into that 
part of the flame, and you sec at once that sometliing is coining from the 
flame, out at the other end of the tube; and if I put a flask there, and 
leave it for a little while, you will see that sometliing from the middle 
part of tlie flame is grad- 
ually drawn out, and goes 
through the tube and into 
tliat flask, and there be- 
haves very differently from 
what it does in the open 
air. It not only escapes 
fnan the end of the tube, 
but falls dowm to the bot- 
tom of the flask like a 
h(Mvy substance, as indeed 
it is. We niicl that this is 
the wax of the candle made into a vaporous fluid— not a gas. (You 
must l<Mm the difference between a gas and a vapour: a gas remains 
pennanent, a vapour is sometliing that will condense.) If you blow 
out a candle, you perceive a very nasty smell, resulting from the 
condensation of this vapour. Tliat is very different from what you 
have outside the flame; and, in order to make that more clear to you, I 
am about to produce and set fire to a larger portion of tliis vapour — ^for 
what we have in the small way in a candle, to understand thoroughly, 
we must, as philosophers, produce in a larger way, if needful, that we 
may examine the different parts. And now Mr. Anderson will give me a 
source of heat, and I am about to show sou what that vapour is. Here is 
some wax in a glass flask, and I am going to make it hot, as the inside of 
that candle-flame is hot, and the matter about the wick is hot. [The 
Lecturer placed same uxix in a ghiss fia^k, and heated it over a lamp.^ 
Now, I dare say that is hot enough for me. You see that the wax I put in 
it has become fluid, and there is a little smoke coming from it. We 
shall very soon have the vapour rising up. I will make it still hotter, 
and now we get more of it, so that I can actually pour the vapour out 
of the flask into that basin, and set it on faie there. Tliis, tlien, is exactly 
the same kind of vapour as we have in the middle of the candle; and that 
you may be sure this is tlie case, let us try whether we have not got here, 
in this flask, a real combustible vapour out of the middle of the 
candle [taking the flask into which the tube from the candle proceeded, 
and introducing a lighted taper]. See how it bums. Now, this is the 
vapour from the middle of the candle, produced by its own heat; and 
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that is one of the first things you have to consider with respect to the 
progress of the wax in the course of its combustion, and as regards the 
changes it undergoes. I will arrange another tube carefully in the flame, 

and I should not wonder if we 
were able, by a little care, to get 
that vapour to pass tlirough tlie 
tube to the other extremity, 
where we will light it, and obtain 
absolutely the flame of the candle 
at a place distant from it. Now, 
look at that. Is not that a very 
pretty experiment? Talk about 
laying on gas — why, we can ac- 
tually lay on a candlel And you 
see from tliis that there are 
clearly two different kinds of ac- 
tion-one the production of the vapour, and the other the com- 
bustion of it — both of which take place in particular parts of the 
candle. 

I shall get no vapour from that part which is already burnt. If I raise 
the tube [see fig. on p. 381] to the upper part of the flame, so soon as the 
vapour has been swept out, what comes away will be no longer com- 
bustible; it is already burned. How burned? Wliy, burned thus: in the 
middle of the flame, where the wick is, there is this combustible vapour; 
on the outside of the flame is the air which we shall find necessary for 
the burning of the candle; between the two, intense chemical action 
takes place, whereby the air and the fuel act upon each other, and at the 
very same time that we obtain light the vapour inside is destroyed. If you 
examine where the heat of a candle is, you will find it very curiously ar- 
ranged. Suppose I take this candle, and hold a piet'c of paper close upon 
the flame, where is the heat of that flame? Do you not see that it is not 
in the inside? It is in a ring, exactly in the place where 1 told you the 
chemical action was; and even in my irregular mod(‘ of making the ex- 
periment, if there is ndt too much disturbance, there will always be a 
ring. This is a good experiment for you to make at home. Take a strip of 
paper, have the air in the room quiet, and put the piece of paper right 
across the middle of the flame (I must not talk while I make the ex- 
periment), and you will find that it is burnt in two places, and that it is 
not burnt, or very little so, in the middle; and when you have tried the 
experiment once or twice, so as to make it nicely, you will be very in- 
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tercsted to see where the heat is, and to find that it is where the air and 
the fuel come together. 

l^his is most important for us as we proceed with our subjec't. Air is 
absolutely necessary for combustion; and, what is more, I must have you 
understand that fresh air is necessary, or else we should be imperfect in 
our reasoning and our experiments. Here is a jar of air. I place it over a 
candle, and it btims very nicely in it at first, showing that what I have 
said about it is true; but there will soon be a change. See how the flame 
is drawing upwards, presently fading, and at last going out. And going 
out, why? Not because it wants air merely, for the jar is as full now as it 
was before; but it wants pure, fresh air. The jar is full of air, partly 
changed, partly not changed; but it does not contain sufficient of the 
fresh air which is necessary for the combustion of a candle. Tliese are all 
points which we, as young chemists, have to gather up; and if we look 
a little more closely into this kind of action, we shall find certain steps 
of reasoning extremely interesting. For instance, here is the oil-lamp I 
showed you — an excellent lamp for our experiments — the old Argand 
lamp. I now make it like a candle [obstructing the passaf^e of air into the 
centre of the flame]; there is the cotton; there is the oil rising up it; and 
tluTe is the conical flame. It bums poorly, because there is a partial 
restraint of air. I have allowed no air to get to it, save round the outside 
of th(' flame, and it does not burn well. I cannot admit more air from the 
outside, because tlie wick is large; but if, as Argand did so cleverly, I 
open a passage to tht* middle of the flame, and so let air come in there, 
you will see how much more beautifully it burns. If I shut the air off, 
look how' it smokes; and wliv? We have now some very interesting points 
to study. We have the case of the combustion of a candle; we have the 
case of a candle being put out by the want of air; and we have now 
the case of imperfect cx)mbustion; and this is to us so interesting, that I 
want you to understand it as thoroughly as you do the case of a candle 
burning in its best possible manner. I will now make a great flame, be- 
cause we need the largest possible illustrations. Here is a larger wick 
[burning turpentine on a hall of cotton]. All these things are the same as 
c-andlcs, after all. If we have larger wicks, we must have a larger supply 
of air, or we shall have less perfect combustion. Lcx)k now at this black 
substance going up into the atmosphere; there is a regular stream of it. 
1 have provided means to carry off the imperfectly burned part, lest it 
should annoy you. L(X)k at the soots that fly off from the flame: see what 
an imperfect combustion it is, Ix^cause it cannot get enough air. What, 
then, is happening? Wliy, certain things which are necessary to the com- 
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bustion of a candle are absent, and very bad results are accordingly pro- 
duced; but we see what happens to a candle when it is burnt in a pure 
and proper state of air. At the time when I showed you this charring by 
the ring of flame on the one side of the paper, I might have also shown 
you, by turning to the other side, that the burning of a candle produces 
the same kind of soot— charcoal or carbon. 

But, before I show that, let me explain to you — as it is quite necessary 
for our purpose — ^that, though I take a candle and give you, as the 
general result, its combustion in the form of a flame, we must see 
whether combustion is always in this condition, or whether there are 
other conditions of flame; and we shall soon discover that there are, and 
that they are most important to us. I think, perhaps, tlie best illustra- 
tion of such a point to us, as juveniles, is to show the result of strong con- 
trast. Here is a little gunpowder. You know that gunpowder bums with 
flbme — ^we may fairly call it flame. It contains carbon and other materials, 
which altogether cause it to bum with a flame. And here is some pul- 
verized iron, or iron filings. Now, I purpose burning these two things 
together. I have a little mortar in which I vdll mix them. ( Before I go into 
these experiments, let me hope that none of you, by trying to repeat 
them, for fun's sake, will do any harm. These things may all be very 
properly used if you take care; but without that, much muchief will be 
done.) Well, then, here is a little gunpowder, which I put at the bot- 
tom of that little wooden vessel, and mix the iron filings up with it, my 
object being to make the gunpowder set fire to the filings and bum them 
in the air, and thereby show the difference between substances burn- 
ing with flame and not with flame. Here is the mixture; and when I set 
fire to it, you must watch the combustion, and you will see that it is of two 
lands. You will see the gunpowder burning with a flame, and the filings 
thrown up. You will see them burning too, but without the production 
of flame. They will each bum separately. [The Lecturer then ignited the 
mixture.] There is the gunpowder, which bums with a flame; and 
there are the filings — they bum with a different kind of combustion. You 
see, then, these two great distinctions; and upon these differences de- 
pend all the utility and all the beauty of flame which we use for the 
purpose of giving out light. When we use oil, or gas, or candle, for the 
purpose of illumination, their fitness all depends upon these different 
kinds of combustion. 

There are such curious conditions of flame, that it requires some 
cleverness and nicety of discrimination to distinguish the kinds of com- 
bustion one from another. For instance, here is a powder which is very 
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combustible, consisting, as you see, of separate little particles. It is called 
lycopodium^ and each of these particles can produce a vapour, and 
produce its own flame; but, to see them burning, you would imagine it 
was all one flame. I will now set fire to a quantity, and you will see tlie 
effect. We saw a cloud of flame, apparently in one body; but that nish- 
ing noise [referring to the sound produced by the burning] was a proof 
that the combustion was not a continuous or regular one. This is the 
lightning of the pantomimes, and a very good imitation. [The experiment 
was twice repeated by blowing lycopodium from a glass tube through a 
spirit- flame.] This is not an example of combustion like that of the filings 
I have been speaking of, to which we must now return. 

Suppose I take a candle, and examine that part of it which appears 
brightest to our eyes. Why, tliere I get these black particles, which al- 
ready you have seen many times evolved from the flame, and which I 
am now about to evolve in a different way. I will take this candle and 
clear away the gulterage, which occurs by reason of tlie currents of 
air; and if I now arrange a glass tube so as jtist to dip into this luminous 
part, as in our first experiment, only higher, you see the result. In place of 
having the same white vapour that you had before, you will now have 
a black vapour. There it goes, as black as ink. It is certainly very differ- 
ent from the white vapour; and when we put a light to it, we shall find 
that it docs not bum, but that it puts the light out. Well, these particles, 
as I said before, are just the smoke of the candle; and this brings to mind 
tliat old employment which Dean Swift recommended to servants for 
their amusement, namely, writing on the ceiling of a room with a 
candle. But what is that black substance? Why, it is the same carbon 
which exists in the candle. How c'omes it out of the candle? It evidently 
existed in the candle, or else we should not have had it here. And now 
I want you to follow me in this explanation. You would hardly think that 
all those substanct^s which fly about London, in the form of soots and 
blacks, iu-e the very beauty and life of the flame, and which are burned 
in it as those iion filings were burned here. Here is a piece of wire 
gauze, which will not let the flame go through it; and I think you will 
see, almost immediately, that when I bring it low enough to touch that 
part of the flame which is otherwise so bright, that it quells and 
quenches it at once, and allows a volume of smoke to rise up. 

I want you now to follow me in this point — that whenever a substance 
bums, as the iron filings burnt in the flame of gunpowder, without assum* 

7. Lyroiwdium is a yellowish powder found in the fruit of the cluh moss ( Lycopodium 

clavatum). It is used in fireworks. 
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ing the vaporous state (whether it becomes liquid or remains solid), it 
becomes exceedingly luminous. I have here taken three or four exam- 
ples apart from the candle, on purpose to illustrate this point to you; be- 
cause what I have to say is applicable to all substances, whether they 
bum or whether they do not burn — that they are exceedingly bright if 
they retain their solid state, and that it is to this presence of solid particles 
in the candle-flame that it owes its brilliancy. 

Here is a platinum-wire, a body which does not change by heat. If I 
heat it in this flame, see how exceedingly luminous it becomes. 1 will 
make the flame dim, for the purpose of giving a little light only, and yet 
you will see that the heat which it can give to that platinum-wire, though 
far less than the heat it has itself, is able to raise the platinum-wire to a 
far higher state of effulgence. This flame has carbon in it; but I will take 
one that has no carbon in it. There is a material, a kind of fuel — a 
vapour, or gas, whichever you like to call it — in that vessel, and it 
has no solid particles in it; so I take that because it is an example of 
flame itself burning without any solid matter whatever; and if I now 
put this solid substance in it, you see what an intense heat it has and how 
brightly it causes the solid body to glow. This is the pipe through which 
we convey this particular gas, wluch we call hydrogen, and which you 
shall know all about next time we meet. And here is a suljj^tance called 
oxygen, by means of which this hydrogen can burn; and although we 
produce, by their mixture, far greater heat ® than you can obtain from the 
candle, yet there is very little light. If, however, I take a solid substance, 
and put that into it, we produce an intense light. If I take a piece of lime, 
a substance which will not burn, and which will not vaporize by the 
heat (and because it does not vaporize, remains solid, and remains 
heated), you will soon observe what happens as to its glowing. I have 
here a most intense heat, produced by the burning of hydrogen in contact 
with the oxygen; but there is as yet very little light — not for want of heat, 
but for want of particles which can retain their solid state; but when I 
hold this piece of lime in the flame of the hydrogen as it burns in the 
oxygen, see how it glowsi This is the glorious lime-light, which rivals 
the voltaic-light, and which is almost equal to sunlight. I liave here a 
piece of carbon or charcoal, which will bmm and give us light exactly 
in the same manner as if it were burnt as part of a candle. The heat that 
is in the flame of a candle decomposes the vapour of the wax, and sets 

8. Bunsen has calculated that the temperature of the oxyhydrogen blowpipe is 
8,o6i® C. Hydrogen burning in air has a temperature of 3,259 C., and coal-gas in 
air, 2,350 C. 
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free the carbon particles — they rise up heated and glowing as this now 
glows, and then enter into the air. But the particles when burnt never 
pass off from a candle in the form of carbon. They go off into the air 
as a perfectly invisible substance, about which we shall know hereafter. 

Is it not beautiful to think that such a process is going on, and that 
such a dirty thing as charcoal can become so incandescent? You see it 
comes to this — that all bright flames contain these solid particles; all 
things that bum and produce solid particles, either during the time they 
arc burning, as in the candle, or immediately after being burnt, as in the 
case of the gunpowder and iron-filings — all these things give us this 
glorious and beautiful light. 

I will give you a few illustrations. Here is a piece of phosphorus, 
which burns with a bright flame. Very well; we may now conclude tliat 
phosphorus will produce, cither at the moment that it is burning or 
afterwards, these solid particles. Here is the phosphorus lighted, and I 
cover it over with this glass for the purpose of keeping in what is 
produced. What is all that smoke? That smoke consists of those very parti- 
cles which arc produced by the combustion of the phosphorus. Here, 
again, are two substances. This is chlorate of potassa, and this other 
sulphuret of antimony. I shall mix thc^se together a little, and then they 
may be burnt in many ways. I shall touch them with a drop of sulphuric 
acid, for the purpose of giving you an illustration of chemical action, and 
they will instantly bum.® [The Lecturer then ignited the mixture hy 
means of sulphuric acid,] Now, from the appearance of things, you can 
judge for yourselves whether they produce solid matter in burning. I 
have given you the train of reasoning which will enable you to sav 
whether they do or do not; for what is this bright flame but the solid 
particles passing off? [See illustration on p. 3S8.] 

Mr. Anderson has in the furnace a very hot crucible — I am about to 
throw into it some zinc filings, and they will burn with a flame like gun- 
powder. I make this experiment because you can make it well at home. 
Now, I want you to sev what wdll be the result of the combustion of this 
zinc. Here it is burning — burning beautifully like a candle, 1 may say. But 
W'hat is all that smoke, and what are those little clouds of w^ool w^hich 
will come to you if you cannot come to tliem, and make themselves sensi- 
ble to you in the fonn of the old philosophic wool, as it was called? We 

9. Tin* following is the action of tl^c sulphuric acid in inllnniing the mixture of 
Milplunct of antiiTionv .ui<l thloratc of potassa. \ portion of the lattc'r is decomposed 
hy the sulphuric acid into oxide of chloiinc, bisulphate of potassa, and pci chlorate of 
potassa. The oxide of chlorine inllaines the sulphuret of .intimoiiy, which m a com- 
buslihlo body, and the whole mass in.stantly buists into Hame. 
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shall have left in that crucible, also, a quantity of this woolly matter. But I 
will take a piece of this same zinc and make an experiment a little more 
closely at home, as it were. You will have here the same thing happening. 
Here is the piece of zinc, there [pointing to a jet of hydrogen] is the 
furnace, and we will set to work and try and 
bum the metal. It glows, you see: there is the 
combustion, and there is the white substance 
into which it bums. And so, if I take that flame 
of hydrogen as the representative of a candle, 
and show you a substance like zinc burning in 
the flame, you will see that it was merely during 
tlie action of combustion that this substance 
glowed — while it was kept hot; and if I take a 
flame of hydrogen, and put this white substance from the zinc into it, 
look how beautifully it glows, and just because it is a solid substance. 

I will now take such a flame as I had a moment since, and set free from 
it the particles of carbon. Here is some camphine, which will bum with 
a smoke; but if I send these particles of smoke tlirough this pipe into the 
hydrogen flame, you will see they will bum and become luminous, be- 
cause we heat them a second time. There they are. Those are the particles 
of carbon re-ignited a second time. They are those particl^ which you 
can easily see by holding a piece of paper behind them, and wliich, 
while they are in the flame, are ignited by the heat produced, and, when 
so ignited, produce this brightness. When the particles are not sepa- 
rated, you get no brightness. The flame of coal-gas owes its brightness 
to the separation, during combustion, of these particles of carbon, which 
are equally in that as in a candle. I can very quickly alter that arrange- 
ment. Here, for instance, is a bright flame of gas. Supposing I add so 
much air to the flame as to cause it all to bum before those particles are 
set free, I shall not have this brightness; and I can do that in this way: if 
I place over the jet this wdre-gauze cap, as you see, and then light the 
gas over it_, it bums with a nonluminous flame, owing to its having plenty 
of air mixed wdth it before it bums; and if I raise the gauze, you see it 
does not bum below.'** There is pleaity of carbon in the gas; but, because 

10. The "air-burner," which is of such value In the laboratory, owes its tdvantago to 
this principle. It consists of a cylindrical metal chimney, covered at the top vrith a 
piece of rather coarse iron-wire gauze. This is support^ over an Argand burner, 
in such a manner that the gas may mix in the chimney with an amount of air 
sudOBdent to bum the carbon and hydrogen simultaneously, so that there may be no 
separation of carbon in the flame with consequent deposition of soot The flame, 
being unable to pass through the wire gauze, bums la a steady, nearly invisible 
manuCT above. 
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the atmosphere can get to it, and mix with it before it bums, you see how 
pale and blue the flame is. And if I blow upon a bright gas-flame, so as 
to cxinsiime all this carbon before it gets heated to the glowing point, it 
will also biu-n blue. [The Lecturer illustrated his remarks by blowing on 
the gas-light.] The only reason why I have not the same bright light when 
I thus blow upon the flame is that the carbon meets with sufficient air 
to burn it before it gets separated in the flame in a free state. The dif- 
ference is solely due to the solid particles not being separated before 
the gas is burnt. 

You observe tliat there are certain products as the result of the com- 
bustion of a candle, and that of these products one portion may be con- 
sideied as charcoal, or soot; that charcoal, when afterwards burnt, pro- 
duces some other product; and it concerns ns very much now to ascertain 
what that other product is. We showed that something was going away; 
and r want vou now to understand how much is going up into the air; 
and for that purpose we will have combustion on a little larger scale. 
From that candle ascends heated air, and two or three experiments 
will sliow you the ascending current; but, in order to give you a notion 
of the quantity of matter which ascends in this way, I will make an 
experiment by which I shall try to imprison some of the products of this 
combustion. For this purpose I have here what boys call a fire-balloon. I 
use this fii e-balloon merely as a sort of measure of the result of the com- 
bustion we are considering; and I am about to 
make a flame in such an easy and simple manner 
as shall best serve my present purpose. This plate 
shall be the “cup,'’ we will so say, of the candle; 
this .spirit shall be our fuel; and I am about to 
[)lace this chimney over it, because it is better for 
me to do so than to let things proceed at random. 

Mr. Anderson will now light the fuel, and here at 
the top we shall get the results of the combustion. 

What we get at tlie top of that tube is exactly 
the same, generally speaking, as you get from tlie 
combustion of a candle; but we do not get a lumi- 
nous flame here, because we use a substance which 
is feeble in carbon. I am about to put this balloon — 
not into action, because that is not my object — but to show you the 
effect which results from the action of those products which arise from 
tlui candle, as they luise here from the furnace. [The balloon teas held 
over the chimney, when it immediately commenced to fill] You see how 
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it is disposed to ascend; but we must not let it up, because it might come 
in contact with those upper gas-lights, and that would be very incon- 
venient. [The upper gas-lights were turned out, at the request of the 
Lecturer, and the balloon was allowed to ascend.] Does not that show 
you what a large bulk of matter is being evolved? Now, there are going 
through this tube [placing a large glass tube over a candle] all the prod- 
ucts of that candle, and you will presently see tliat the tube will become 
quite opaque. Suppose I take another candle, and place it under a jar, 
and then put a light on the other side, just to show you what is going on. 
You see that the sides of the jar become cloudy, and the light begins to 
biUTi feebly. It is the products, you see, which make the light so dim, 
and this is the same thing which makes the sides of the jar so opaque. 
If you go home and take a spoon that has been in the cold air, and hold 
it over a candle — not so as to soot it — ^you will find that it becomes dim, 
just as that jar is dim. If you can get a silver dish, or something of that 
kind, you will make the experiment still better. And now, just to carry 
your thoughts forward to the time we shall next meet, let me tell you 
that it is water which causes the dimness; and when we nt'xt meet, I 
will show you that we can make it, without difficulty, assume the form 
of a liquid. 


LECTURE III 

I dare say you will remember that when we parted we had just mim- 
tioned the word “products” from the candle. For when a candle bums we 
found we were able, by nice adjustment, to get various products from it. 
There was one substance which was not obtained when the candle was 
burning properly, which was charcoal or smoke; and there was some 
other substance that went upwards from the flame, which did not ap- 
pear as smoke, but took some other form, and made part of that g(*neral 
current which, ascending from the candle upwards, becomes invisible, 
and escapes. TheTe were also other products to mention. You remem- 
ber that in that rising current having its origin at the candle, we found 
that one part was condfensable against a cold spoon, or agaiiist a clean 
plate, or any other cold thing, and another part was incondensable. 

We will first take tlie c'ondensable part, and examine it; and, strange to 
say, we find that that part of the product is just water — nothing but water. 
On the last occasion I spoke of it incidentally, merely saying that water 
was produced among the condensal Je products of the candle; but today I 
wish to draw your attention to wale**, that we may examine it carefully. 
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especially in relation to this subject, and also with respect to its general 
existence on the surface of the globe. 

Now, having previously arranged an experiment for the purpose of 
condensing water from the products of the candle, my next point will be 
to show you this water; and perhaps one of the 
best means that I can adopt for showing its pres- 
ence to so many at once is to exhibit a very visible 
action of water, and then to apply that test to what 
is collected as a drop at the bottom of that vessel. 

I have here a chemical substance, discovered by 
Sir Ilumphiy Davy, which has a very energetic 
aciion upon water, which I shall use as a test of 
the presence of water. If I take a little piece of it — 
it is called potassium, as coining from potash — if I 
take a little piece of it, and throw it into that basin, 
you seti how it shows tlie presence of water by 
lighting up and floating about, burning with a violent flame. I am 
now going to take away the candle which has been burning beneath 
the v<'ssel containing ice and salt, and you see a drop of water — a 
condensed product of the candle — hanging from under the surface 
of the dish. I will show you that potassium has the same action upon 
it as upon the water in that basin in the experiment we hav^e just tried. 
See, it takes fire, and burns in just the same manner. I will take another 
drop upon this glass slab, and when I put the potassium onto it, you see 
at once, from its taking fire, that there is water present. Now, that w'ater 
was producc'd by the candle. In the same manner, if I put this spirit- 
lamp under that jar, you will .soon see the latter become damp, from the 
dew which is deposited upon it — that dew being the result of combus- 
tion; and I have no doubt you will shortly see by the drops of water which 
fall upon the paper below, that there is a good deal of water produced 
from th(‘ combustion of the lamp. I will let it remain, and you can after- 
wards see how much water has been collected. So, if 1 take a gas-lamp, 
and put any cooling arrangement over it, I shall get water — water 
being likewise produced from the c-ombust! m of gas. Here, in this bottle, 
is a quantity of w'ater — perfectly pure, distilled water — produced from 
the cxnnbiistion of a gas-lamp, in no point different from the water that 
you distil from the river, or ocean, or spring, but exactly the same thing. 
Water is one individual thing — it never cdiangc'S. We can add to it by 
careful adjustment, for a little while, or w^e can take it apart, and get 
other things from it; but water, as water, remains always the same, 
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eitluT in a solid, liquid, or fluid state. Here, again [hoUUriff another bot- 
tle], is some water produced by tlie combustion of an oil-lamp. A pint of 
oil, when burnt fairly and properly, produces rather more than a pint of 
water. Here, again, is some water, produced by a rather long experiment 
from a wax candle. And so we can go on with almost all combustible 
substances, and find tliat if they bum with a flame, as a candle, they 
produce water. You may make thesq experiments yourselves. Tlie head 
of a poker is a very good thing to try with, and if it remains cold long 
enough over thi' candle, you may get water condensed in drops on it; or 
a spoon or ladle, or anything else may be used, provided it be clean, and 
can carry off the heat, and so condense the water. 

And now — to go into the history of this wonderful production of water 
from combustibles, and by combustion — I must first of all tell you that 
this water may exist in different conditions, and although you may now 
be acquainted with all its forms, they still require us to give a little at- 
tention to them for the present, so that we may perceive how the wat(T, 
while it goes through its protean changes, is enluely and absolutely the 
same thing, whether it is product^d from a candle, by combustion, or 
from tlie rivers or ocean. 

First of all, water, when at the coldest, is ice. Now, wc philosophers — I 
hope that I may class you and myself together in tliis case — spi^ak 
of water as water, whether it be in its solid, or liquid, or gaseous state, 
we speak of it chemically 'as water. Water is a thing compoiindctl of two 
substances, one of which we have derived from the candle, and the other 
we shall find elsewhere. Water may occur as ice; and you have had most 
excellent opportunities lately of seeing this. Ice changes back into 
water — for we had on our last Sabbath a strong instance of this change, 
by the sad catastrophe which occurred in our own house, as well as in tlie 
houses of many of our friends — ice changes back into water when the 
temperature is raised: water also changes into steam when it is warmed 
enough. The water which w'e have here before us is in its densest 
state, and altliough it changes in weight, in condition, in form, and 
in many other qualities, it still is water; and whether we alt^r it into ice 
by cwling, or wh<‘ther we change it into steam by heat, it increases in 
volume — in the one case very strangely and powerfully, and in the other 
case very largely and wonderfully. For instance, I will now take this tin 
cylinder, and pour a little water into it; and seeing how much water I 
pour in, you may easily estimate for yourselves how high it will rise in 


1 1 Water IS m its densest state at a lempe ahire nf 39 1 ® F. 
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the vessel: it will cover the bottom about two inches. I am now about to 
convert the water into steam, for the purpose of showing to you the 
difFerent volumes which water occupies in its different states of water 
and steam. 

Let us now take the case of water changing into ice: we can effect that 
by cooling it in a mixture of salt and pounded ice;^* and I shall do so 
to show you the expansion of water into a thing of larger bulk when it is 
so changed. These bottles [holding one] are made of strong cast iron, 
very strong and very thick — I suppose they are the third of an inch in 
thickness; they are very carefully filled with water, so as to exclude all air, 
and then they are screwed down tight. We shall see that when we freeze 
the water in these iron vessels, they will not be able to hold the ice, 
and the expansion within them will break them in pieces as these 
[pointing to some fragments] are broken, which have been bottles of 
exactly the same kind. I am about to put these two bottles into that mix- 
ture of ice and salt, for the purpose of showing that when water be- 
comes ice, it changes in volume in this extraordinary way. 

In the mean time, look at the change which has taken place in the water 
to which we have applied heat — ^it is losing its fluid state. You may tell 
this by two or tliree circumstances. I have covered the mouth of this glass 
flask, in which water is boiling, with a watch-glass. Do you see what 
happens? It rattles away like a valve chattering, because the steam rising 
from the boiling water sends the valve up and down, and forces itself 
out, and so makes it clatter. You can very easily perceive that the flask is 
quite full of steam, or else it would not force its way out. You see, also, 
that the flask contains a substance very much larger than the water, for it 
fills the whole of the flask over and over again, and there it is blowing 
away into the air; and yet you cannot observe any great diminution in the 
bulk of the water, which shows you that its change of bulk is very 
great when it becomes steam. 

I have put our iron bottles containing water into this freezing mixture, 
that you may see what happens. No communication will take place, you 
observe, between the water in the bottles and the ice in the outer vessel. 
But tliere will be a conveyance of heat from the one to the other; 
and if we are successful — we are making our experiment in very great 
haste — I expect you will by and by, so soon as the cold has taken pos- 
session of the bottles and their contents, hear a pop on the occasion of 
the bursting of the one bottle or the otlier; and, when we come to 

la. A mixture of salt and pounded ice reduces the temperature from 32® F. to zero — 
the ice at tlie same time becoming fluid. 
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examine the bottles, we shall find their contents masses of ice, partly en- 
closed by the covering of iron which is too small for them, because the ice 
is larger in bulk than the water. You know very well that ice floats upon 
water: if a boy falls through a hole into the water, he tries to get on 
the ice again to float him up. Why does the ice float? Think of that, and 
philosophize. Because the ice is larger than the quantity of water which 
can produce it; and therefore the ice weighs the lighter, and the water 
is the heavier. 

To return now to the action of heat on water. See what a stream of 
vapour is issuing from this tin vessel! You observe, we must have made it 
quite full of steam to have it sent out in that great (]uantity. And now, as 
we can convert the water into steam by heat, we convert it back into 
liquid water by the application of cold. And if we take a glass, or any 
other cold thing, and hold it over this steam, see how soon it gets damp 
with water; it will condense it until the glass is warm — it condensf's the 
water which is now running down the sides of it. I have here .mother 
experiment to show the condensation of water from a vaporous state bac k 
into a liquid state, in the same way as the vapour, one of the products of 
the candle, was condensed against the bottom of the dish, and obtainc'd 
in the form of water; and to show you how truly and thoroughly these 



changes take place, I will take this tin flask, which is now full of stt^am, 
and close the top. We shall see what takes place when we cause this 
water or steam to return back to the fluid state by pouring some cold 
water on the outside. [The Lecturer poured the cold water over the ves- 
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sel^ when tt immediately collapsed,] You see what has happened. 
If I had closed the stopper, and still kept the heat applied to it, it would 
have burst the vessel; yet, when the steam returns to the state of water, 
the vessel collapses, there being a vacuum produced inside by the con- 
densation of the steam. I show you these 
experiments for the purpose of point- 
ing out that in all these occurrences there 
is nothing that changes the water into 
any other thing — it still remains water; 
and so the vessel is obliged to give way, 
and is crushed inwards, as in the other 
case, by the furtlier application of heat, it 
would have been blown outwards. 

And what do you think the bulk of that water is when it assumes 
the vaporous condition? You see that cube [pointing to a cubic foot]. 
There, by its side, is a cubic inch, exactly the same shape as the cubic 
foot, and that bulk of water [the cubic inch] is sufficient to expand 
into that bulk [the cubic foot] of steam; and, on the contrary, the ap- 
plication of cold will contract that hu-ge quantity of steam into this small 
quantity of water, [One of the iron bottles burst at that moment.] Ahl 
Th(*re is one of our bottles burst, and here you see is a crack dowm one 
side an eighth of an inch in width. [The other now exploded, sending the 
freezing mixture in all directions.] This other bottle is also broken; al- 
though the iron was nc^arly half an inch thick, the ice has burst it asunder. 
These changes always take place in water: they do not require to be al- 
ways produced by artificial means — we only use them here because we 
want to produce a small winter round that little bottle, instead of a long 
and severe one. Rut if you go to Canada, or to the North, you will find die 
temperature there out-of-doors will do the same tiling as has been done 
here by the freezing mixture. 

To return to our (juiet philosophy. We shall not in future be de- 
c(‘ived, therefore, by any changes that are produced in water. Water 
is the same ever)^hero, whether produced from the ocean or from the 
flame of the ( andle. Where, then, is this water which we get from a can- 
dl('? I must anti(Mpat(' a little, and tell you. It evidently comes, as to part 
of it, from the candle; but is it within the candle beforehand? No. It is 
not in the candle; and it is not in the air round about the candle which is 
necessary for its combustion. It is neither in one nor the other, but it 
comes from their conjoint action, a part from the candle, a part from the 
air; and this we have now to trace, so that we may understand thoroughly 
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what is the chemical history of a candle when we have it burning on 
our table. How shall we get at this? I myself know plenty of ways, but I 
want you to get at it from the association in your own minds of 
what I have already told you. 

I think you can see a little in tliis way. We had just now the case of 
a substance which acted upon the water in the way that Sir Humphry 
Davy showed us,'* and which I am now going to recall to yoiur minds by 
making again an experiment upon that dish. It is a thing which we have 
to handle very cturefully, for you see, if I allow a little splash of water 
to come upon this mass, it sets fire to part of it; and if there were free 
access of air, it would quickly set fire to the whole. Now, this is a 
metal — a beautiful and bright metal — ^wliich rapidly changes in the air, 
and, as you know, rapidly changes in water. I will put a piece on the 
water, and you see it burns beautifully, making a floating lamp, using 
the water in the place of air. Again, if we take a few iron filings or 
turnings, and put them in water, we find that they likewise undergo an 
alteration. They do not change so much as this potassium does, but 
they change somewhat in the same way; they become rusty, and show an 
action upon the water, though in a diflFerent degree of intensity to what 
this beautiful metal does: but they act upon the water in the same 
manner generally as this potassium. I want you to put these different facts 
together in your minds. I have another metal here [zinc], and when we 
examined it with regard to the solid substance produced by its com- 
bustion, we had an opportunity of seeing that it burned; and I suppose, 
if I take a little strip of tliis zinc and put it over the candle, you will see 
something half-way, as it were, between the combustion of potassium on 
the water and the action of iron — you see there is a sort of combustion. It 
has burned, leaving a white ash or residuum, and here also we find that 
the metal has a certain amount of action upon water. 

By degrees we have learned how to modify the action of these differ- 
ent substances, and to make them tell us what we want to know. And 
now, first of all, I take iron. It is a common thing in all chemical reac- 
tions, where we get any result of this kind, to find that it i$ increascxl 
by the action of heat; hnd if we want to examine minutely and care- 
fully the action of bodies one upon another, we often have to refer to the 
action of heat. You are aware, I believe, that iron fihngs bum beauti- 

13. Potassium, the metallic basis of potash, was discovered by Sir Humphry Davy in 
1807, who succeeded in s<*parating it from potash by means of a powerful voltaic 
battery. Its CTeat affinity for oxygen causes it to dex'ompose water with evolution of 
hydrogen, vmich takes fire with the hea*^ produced. 
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fully in tlie air; but I am about to show you an experiment of this kind, 
because it will impress upon you what I am going to say about iron in its 
action on water. If I take a flame and make it hollow — ^you know why, 
because I want to get air to it and into it, and therefore I make it hollow 
— and then take a few iron filings and drop them into the flame, you see 
how well they bum. That combusUon results from the chemical action 
which is going on when we ignite those particles. And so we proceed to 
consider these different effects, and ascertain what iron will do when 
it meets with water. It will tell us the story so beautifully, so gradually 
and regularly, that I think it will please you very much. 



I have here a furnace with a pipe going through it like an iron gun 
barrel, and I have stuffed that barrel full of bright iron turnings, and 
placed it across the fire, to be made red-hot. We can either send air 
through the barrel to come in contact with the iron, or we can send 
steam from this little boiler at tlie end of the barrel. Here is a stopcock 
which shuts off the steam from the barrel until we wish to admit it. 
There is some water in those glass jars, which I have coloured blue, so 
that you may see what happens. Now, vou know very well that any 
steam I might send through that barrel, if it went through into the 
water, would be c*ondensed; for you have seen that steam cannot retain 
its gaseous form if it be cooled down. You saw it here [pointing to the tin 
flask], crushing itself into a small bulk, and causing the flask holding it to 
collapse; so that if I were to send steam through that barrel, it would lx; 
condensed — supposing the barrel were cold: it is, therefore, heated to 
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perform the experiment I am now about to show you. I am going to 
send the steam through the barrel in small quantities; and you shall 
judge for yourselves, when you see it issue from tlie other end, whether 
it still remains steam. Steam is condensable into water, and when you 
lower the temperature of steam, you convert it back into fluid water; 
but I have lowered the temperature of the gas which I have collected 

in this jar, by passing it through 
water after it has traversed the iron 
barrel, and still it docs not change 
back into water. I will take another 
test and apply to tliis gas. (1 hold 
the jar in an inverted position, or 
my substance would escape.) If I 
now apply a light to the mouth of 
the jar, it ignites with a slight noise. That tells you that it is not steam. 
Steam puts out a fire — it does not bum; but you saw that what 1 had in 
that jar burnt. We may obtain this substance equally from wat(‘r pro- 
duced from the candle-flame as from any otht^r source. When it is ob- 
tained by the action of the iron upon the aqueous vapour, it heaves the 
iron in a state very similar to that in which these filings were 
after they were burnt. It makes the iron heavier than it w'as be- 
fore. So long as the iron remains in the tube and is heated, and is 
cooled again without the access of air or water, it does not cliange 
in its weight; but after having had this current of steam passed 
over it, it then comes out heavier than it was before, having takcai 
something out of the steam, and having allowed something else to 
pass forth, which we see here. And now, as we have another jar full, 1 
wall show you sometliing most interesting. It is a combustible gas; and 1 
might at once take this jar and set fire to lh(‘ contents, and show you 
that it is combustible; but I intend to show you more il I can. It is also 
a very light substance. Steam will 
condense; this body will rise in the 
air, and not (‘ondense. Suppose I 
take another glass jar, empty of all 
but air: if I examine it witli a taper, 

I shall find that it contains nothing 
but air. I will now take this jar full 
of the gas that I am spt'aking of, 
and deal with it as though it wc're 
a light body. I will hold both upside down, and turn the oncj up 
under the other; and that which did contain the gas procured from the 
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steam, what does it contain now? You will find it now only contains 
air. But lookl Here is the combustible substance [taking the other jar] 
which I have poured out of the one jar into the other. It still pre- 
serves its quality, and condition, and independence, and therefore is 
the more worthy of our consideration, as belonging to the products of 
a candle. 

Now, tliis substance which we have just prepared by the action of iron 
on the steam or water, we can also get by means of those other things 
which you have already seen act so well upon the water. If I take a piece 
of potassium, and make the necessary arrangements, it will produce this 
gas; and if, instead, a piece of zinc, I find, when I come to examine it 
very carefully, that the main reason why this zinc cannot act upon the 
water continuously as the other metal does is because the result of the 
action of the water envelops the zinc in a kind of protecting coat. We 
have learned, in consequence, that if we put into our vessel only the 
zinc and water, they by themselves do not give rise to much action, and 
we gci: no result. But suppose I proceed to dissolve off this varnish — 
this encumbering substance — which I can do by a little acid; the moment 
I do this, I find the zinc acting upon tlie water exactly as the iron did, 
but at the common temperature. The acid in no way is altered, except 
in its combination with the oxide of zinc, which is produced. I have 
now poured the acid into the glass, and the effect is as though I were 
applying heat to cause this boiling up. There is something coming off 
from the zinc very abundantly, which is not steam. iTiere is a jar full of it; 
and you will find that I have exactly the same combustible substance 
remaining in the vessel, when I hold it upside down, that I produced 
during the experiment with the iron barrel. This L what we get from 
water — the same substance which is contained in the candle. 

Let us now trace distinctly the connection between these two points. 
This is hydrogen — a body classed among those things which in chemistry 
we call elements, because we can get nothing else out of them. A candle 
is not an elementary body, because we can get carbon out of it; we can 
get this hydrogen out of it, or at least out of the water which it supplies. 
And this gas has been so named hydrogen, because it is that element 
which, in association with another, geneiates water. Mr. Anderson hav- 
ing now been able to get two or three jars of gas, w^e shall have a few ex- 
periments to make, and I w^ant to show you the best way of making these 
experiments. I am not afraid to show you, for I wsh you to make experi- 
ments, if you will only make them with care and attention, and the as- 
sent of those around you. As w^e advance in chi mistry, we are obliged to 
deal with substances which are rather injurious, if in their wrong 
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places — the acids, and heat, and combustible things we use might do 
harm if carelessly employed. If you want to make hydrogen, you can make 
it easily from bits of zinc, and sulphuric or muriatic acid. Here is what 
in former times was called the “philosopher s candle."' It is a little phial 
with a cork, and a tube or pipe passing through it. And I am now putting 
a few little pieces of zinc into it. This little instrument I am going to 
apply to a useful purpose in our demonstrations — for I want to show you 
that you can prepare hydrogen, and make some experiments with it as 
you please at your own homes. Let me here tell you why I am so careful 
to fill this phial nearly, and yet not quite full. I do it because the 
evolwd gas, which, as you have seen, is very combustible, is explosive to 
a considerable extent when mixed with air, and might lead to harm, if 
you were to apply a light to the end of that pipe before all the air had been 
swept out of the space above the water. I am now about to pour 
in the sulphuric acid. I have used very little zinc, and more sulphuric acid 
and water, because I want to keep it at work for some time. I therefore 
take care in this way to modify the proportions of the ingredients, so 
that I may have a regular supply — ^not too quick, and not too slow. Sup- 
posing I now take a glass and put it upside down over the end of the 
tube; because the hydrogen is light I expect that it will remain m that 
vessel a little while. We will now test the contents of our glass to see if 
there be hydrogen in it. I think I am safe in saying we have caught some 
[applying a light]. There it is, you see. I will now apply a light to the 
top of the tube. There is the hydrogen burning. 
There is oiur philosophical candle. It is a foolish 
feeble sort of a flame, you may say; but it is so hot 
that scarcely any common flame gives out so mucli 
heat. It goes on burning regularly, and I am now 
about to put that flame to bum under a certain 
arrangement, in order that we may examine its re- 
sults and make use of the information which we 
may thereby acquire. Inasmuch as the candle pro- 
duces water, and this gas comes out of the water, 
let us see what this gives us by the same process of 
combustion that the candle went through when it 
burnt in the atmosphere; and for that purpose I am going to put 
the lamp under this apparatus, in order to condense whatever may 
arise from the combustion within it. In the course of a short time you 
will see moisture appearing in the cylinder [p. 401], and you will get the 
water running down the side; and the water from this hydrogen flame 
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will have absolutely the same effect upon all our tests, being obtained by 
the same general process as in the former case. This hydrogen is a very 
beautiful substance. It is so light that it carries things up: it is far lighter 
than the atmosphere; and I dare say I can show you this by an experi- 
ment which, if you are very clever, 
some of you may even have skill 
enough to repeat. Here is our genera- 
tor of hydrogen, and here are some 
soap-suds. I have an india-rubber 
tube connected with the hydrogen 
generator, and at the end of the tube 
is a tobacco-pipe. I can thus put the 
pipe into the suds, and blow bubbles 
by means of the hydrogen. You ob- 
serve how the bubbles fall down- 
wards when I blow them with my 
warm breath; but notice the difference when I blow them with hydro- 
gen. [The Lecturer here blew bubbles uHth hydrogen^ which rose to the 
roof of the theatre.] It shows you how light this gas must be in order to 
carry with it not merely the ordincTry soap-bubble, but the larger por- 
tion of a drop hanging to the bottom of it. I can show its lightness in a 
better way than tliis; larger bubbles than these may be so lifted up; 
indeed, in former times balloons used to be filled with this gas. Mr. An- 
derson will fasten this tube on to our generator, and we shall have a 
stream of hydrogen here with which we can charge this balloon made of 
collodion. I need not even be very careful to get all the air out, for I 
know the poww of this gas to carry it up. [Two collodion balloons were 
inflated and sent up, one being held by a ^nng.] Here is another larger 
one made of thin membrane, which we will fill and allow to ascend. 
You will see they will all remain floating about until the gas escapes. 

What, then, are the comparative weights of these substances? I have a 
table here which will show you the proportion which their weights 
bear to each other. I have taken a pint and a cubic foot as the measures, 
and have placed opposite to them the respective figures. A pint measure 
of tliis hydrogen weighs three quarters of omr smallest w^eight (a grain), 
and a cubic foot weighs one-twelfth of an ounce; whereas a pint of water 
weighs 8,750 grains, and a cubic foot of water weighs almost 1,000 
ounces. You see, therefore, what a vast difference there is between 
til© weight of a cubic foot of water and a aibic foot of hydrogen. 

Hydrogen gives rise to no substance that can become solid, either 
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during combustion or afterwards as a product of its combustion. But when 
it bums, it produces water only; and if we take a cold glass and put 
it over the flame, it becomes damp, and you have water produced im- 
mediately in appreciable quantity; and nothing is produced by its com- 
bustion but the same water which you have seen the flame of the 
candle produce. It is important to remember that this hydrogen is the 
only thing in nature which furnishes water as the sole product of com- 
bustion. 

And now we must endeavour to find some additional proof of the gen- 
eral character and composition of water; and for this purpose I will keep 
you a little longer, so that at our next meeting we may be better pre- 
pared for the subject. We have the power of arranging the zinc, which 
you have seen acting upon the \iater by the assistance of an acid, in 
such a manner as to cause all the power to be evolved in the place where 
we require it. I have behind me a voltaic pile, and I am just about to 
show you, at the end of this lecture, its character and power, that you may 
see what we shall have to deal with when next we meet. I hold here the 
extremities of the wires which transport the power from beliind me, and 
which I shall cause to act on the water. 

We have previously seen what a power of combustion is possessed by 
the potassium, or the zinc, or the iron filings; but none of them show such 
energy as this, [The Lecturer here made contact hciioeen the two termi- 
nal wires of the battery, when a brilliant flash of li^ht uxis produced.] 
This light is, in fact, produced by a forty-zinc power of burning; it is a 
power that I can carry about in my hands, through these wires, at pleas- 
ure — although, if I applied it wrongly to myself, it would destroy me in 
an instant, for it is a most intense thing, and the power you see h(‘re put 
forth while you count five [bringing the poles in contact, and exhibitinf^ 
the electric h'g/it] is equivalent to the power of several thundcr-storins, 
so great is its force.^* And that you may see what intense energy it has, I 
will take the ends of the wires which convey the power from the battery, 
and with it I dare say I can bum this iron file. Now, this is a chemical 
power, and one which, when we next meet, I shall apply to water, and 
show you what results we are able to produce. 

LECTUBE IV 

I see you are not tired of the candle yet, or I am .sure you would not be 
interested in tlie subject in the way you are. Wlien our candle was burn- 

14. Professor Faraday has calculated that there is as much electricity required to 
decompose one grain of water as there is in a very powerful flash of lightning. 
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ing, we found it produced water exactly like the water we have around 
us; and by further examination of this water we found in it that curious 
body, hydrogen — ^that light substance of which there is some in this jar. 
We afterwards saw the burning powers of that hydrogen, and that it 
produced water. And I think I introduced to your notice an apparatus 
which I very briefly said was an arrangement of chemical force, or 
power, or energy, so adjusted as to convey its power to us in these wires; 
and I said I should use that force to pull the water to pieces, to see what 
else there was in the water besides hydrogen; because, you remember, 
when we passed the water tluough the iron tube, we by no means got the 
weight of water back which we put in, in the form of steam, though we 
had a very large quantity of gas evolved. We have now to see what is 
the other substance present. That you may understand the character 
and use of this instrument, let us make an experiment or two. Let us put 
together, first of all, some substances, knowing what they are, and then see 
what that instrument does to them. There is some copper (obserx'^e the 
various changes which it can undergo), and here is some nitric acid, and 
you will find that this, being a strong chemical agent, will act very power- 
fully when I add it to the copper. It is now sending forth a beautiful red 
vapour; but as we do not want that vapour, Mr. Anderson will hold it 
near the chimney for a short time, that we may have the use and beauty 
of the exp(*riment without the annoyance. The copper which I have put 
into the flask will dissolve: it will change the acid and the water into a 
blue fluid, containing copper and other things; and I propose then show- 
ing you how this voltaic battery deals with it; and in the mean time we 
will arrange another kind of experiment for you to see xvhat power it has. 
This is a substance which is to us like water — that is to say, it contains 
bodies which we do not know of as yet, as water contains a body which 
we do not know as yet. Now, this solution of a salt I will put upon 
paper, and spread about, and apply the power of the battery to it, and 
observe what will happen. Three or four important things will happen 
which we shall take advantage of. I place this wetted paper upon a sheet 
of tinfoil, which is cxinvenient for keeping all clean, and also for the 
advantageous application of the pow(T; "md this solution, \ou see, is not 
at all affected by b(‘ing put upon tlie paper or tinfoil, nor by anything else 
I have brought in contact with it yet, and therefore is free to us to use as 

15. A solution of ^cetatc of It'ad, siihmittt'd to the artion of the voltaic ciurent, vicltls 
Itsul at the negative pole, and hn>\vu pei oxide of lead at the positive pole A 
solution of nitrate of silvc'r, und*»r tJie same ('ircuinstaiices, yields silver at the 
negative pole, and peroxide ol silver at llu* positive p>le. 
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regards that instrument. But first let us see that our instrument is in order. 
Here are our wires. Let us see whether it is in the state in which it was 
last time. We can soon tell. As yet, when I bring them together, we 
have no power, because the conveyors — what we call the electrodes, the 
passages or ways for the electricity — are stopped; but now Mr. Anderson 
by that [referring to a sudden flash at the ends of the wires] has given 
me a telegram to say that it is ready. Before I begin our experiment I 
will get Mr. Anderson to break contact again at the battery beliind me, 
and we will put a platinum-wire across to connect the poles, and then 
if I find I can ignite a pretty good length of this wire, we shall be safe in 
our experiment. Now you will see the power. [The connection was 
established, and the intermediate wire became red-hot.] There is the 
power running beautifully through the wire, which I have made thin on 
purpose to show you that we have those powerful forces; and now, hav- 
ing that power, we will proceed with it to the examination of water. 

I have here two pieces of platinum, and if I lay them down upon this 
piece of paper [the moistened paper on the tinfoil], you will see no ac- 
tion; and if I take them up, there is no change that you can see, but the 
arrangement remains just as it was before. But, now, see what happens: 
if I take these two poles and put either one or the other of them down 
separately on the pladnum-plates, they do nothing for me; both are per- 
fectly without action; but if I let them both be in contact at the same 
moment, see what happens: [A brown spot appeared under each pole of 
the battery.] Look here at the effect that takes place, and see how I 
have pulled something apart from the white — something brown; and I 
have no doubt, if I were to arrange it thus, and were to put one of the 
poles to the tinfoil on the other side of the paper — why, I get such a 
beautiful action upon the paper, that I am going to see whether I cannot 
write with it — a telegram, if you please. [The Lecturer here traced the 
word ** juvenile"* on the paper with one of the terminal uHres.] See there 
bow beautifully we can get our results! 

You see we have here drawn sometliing, which we have not known 
about before, out of this solution. Let us now lake that flask from Mr. 
Anderson’s hands, and see what we can draw out of that. This, you 
know, is a liquid which we have just made up from copper and nitric 
acid, while our other experiments were in hand; and though I am making 
this experiment very hastily, and may bungle a little, yot I prefer to let 
you see what I do rather than prepare it beforehand. 

Now, see what happens. These two platinum-plates are the two ends 
(or I wUl make them so immediatel/) of tliis apparatus; and I am alx)ut 
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to put them in contact with that solution just as we did a moment ago on 
the paper. It does not matter to us whether die solution be on the paper 
or whether it be in the jar, so long as we bring the ends of the apparatus 
to it. If I put the two platinums in by themselves, they come out as 
clean and as white as they go in [inserting them into the fluid without 
connecting them udth the battery]; but when we take the power and lay 
that on [the platinums were connected with the battery and again dipped 
into the solution] y this, you see [exhibiting one of the platinums], is 
at once turned into copper, as it were: it has become like a plate of 
copper; and that [exhibiting the other piece of platinum] has come out 
quite clean. If I take this coppered piece and change sides, the copper 
will leave the right-hand side and come over to the left side; what was 
before the coppered plate comes out clean, and tlie plate which was 
clean comes out coated with copper; and thus you see that the same 
copper we put into this solution we can also take out of it by means of 
this instrument. 

Putting that solution aside, let us now see what eflFect this instrument 
[sec drawing below] will have upon water. Here are two little platinum- 
plates wdiich I intend to make the ends of the battery, and this [c] is a 
little vessel so shaped as to enable me to take it to pieces, and show you 
its construction. Into these two cups [a and b] I pour mercury, which 
touches the ends of the wires connected with the platinum-plates. In tlie 
vessel [c] I pour some water containing a little acid (but which is put 
only for the purpose of facilitating the action; it undeik^oes no change in 
the process), and connected with tlie top of the vessel is a bent glass tube 
[d], wliich may remind you of the pipe which was connected with the 
gun barrel in our furnace experiment, and wliich now passes under tlie 
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jar [f]. I have now adjusted this apparatus, and we will proceed to 
afiFect the water in some way or other. In the other case, I sent the water 
through a tube which was made red-hot; I am now going to pass the 
electricity through the contents of this vessel. Perhaps I may boil the 
water; if I do boil the water, I shall get steam; and you know that steam 
condenses when it gets cold, and you will therefore see by that whether I 
do boil the water or not. Perhaps, however, I shall not boil the wa- 
ter, but produce some other effect. You shall have the experiment and 
see. There is one wire which I will put to this side [a], and here is the 
other wire w'hich I will put to the other side [b], and yon will soon see 
whether any disturbance takes place. Here it is seeming to boil up 
famously; but does it boil? Let us see whether that wliich goes out is 
steam or not. I think you will soon see the jar [f] will be filled with 
vapour, if that which rises from the water is steam. But can it be steam? 
Why, certainly not; because there it remains, you see, unchanged. There 
it is standing over the water, and it cannot therefore be steam, but must 
be a permanent gas of some sort. What is it? Is it hydrogen? Is it any- 
thing else? Well, we will examine it. If it is hydrogen, it will burn. [The 
Lecturer then ignited a portion of the gas collected, trhich burnt irith an 
explosion,] It is certainly .something combustible, but not combustible in 
the way that hydrogen is. Hydrogen would not have given you that 
noise; but the colour of that light, when the thing did burn, was like that 
of hydrogen; it will, however, burn without contact with the air. That is 
why I have chosen this other form of apparatus, for the puipos(' of point- 
ing out to you what are the particular circumstances of this experiment. 
In place of an open vessel I have taken one that is closed (our battery is 
so beautifully active tliat we are even boiling the mercury, and getting 
all things right — not wrong, but vigorously right); and I am going to 
show you that that gas, whatever it may be, can burn without air, and 
in that respect differs from a candle, which cannot burn without the air. 
And our manner of doing this is as follows: I hav(' here a glass vess(‘l 
[g] which is fitted with two platinum-wires [i and k], through which I 
can apply electricity; and we can put the ve.ssel on the air-pump and ex- 
haust the air, and when we have taken the air out w^e CtUi bring it 
here and fasten it on to this jar [f], and let into the vessel that gas which 
was formed by the action of the voltaic battery upon the Water, and 
which we have produced by changing the water into it — for I may go as 
far as this, and say we have really, by that experiment, changc^d the water 
into that gas. Wc have not only alteied its condition, but we have; changi^d 
it really and truly into that gaseous viibslanc'C, and all the water is there 
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which was decomposed by the experiment. As I screw this vessel [g h] 
on here [h], and make the tubes well connected, and when I open the 
stopcocks [11, H, n], if you watch the level of the water [in f], you 
will see that tlie gas will rise. I will now close the stopcocks, as I have 
drawn up as much as the vessel can hold, and being safely conveyed 
into that chamber, I will pass into it an electric spark from this Leyden 
jar [l], when the vessel, which is now quite clear and bright, will be- 
come dim. There will be no sound, lor the vessel is strong enough to con- 
fine the explosion. [A s-park was then passed through the jar, when the 
explosive mixture was ignited.] Did you see that brilliant light? If I 
again screw the vessel on to the jar, and open these stopcocks, you will 
see that the gas will rise a sec'ond time. [The stopcocks were then 
opened.] ITiose gases [referring to the gases first colh cted in the jar, and 
which had just been ignited by the electric spark] have disappeared, as 
you see: their place is vacant, and fresh gas has gone in. Water has been 
formed from them; and if we repeat our operation [repeating the last 
experiment], I shall have another vacancy, as you will see by the water 
rising. I always have an empty vessel after tlie explosion, because the 
vapour or gas into which that water has been re.solved by the battery 
explodes under the influenc'C of the spark, and changes into water; and 
by and by you will see in this upper vessel some drops of W’ater trickling 
down the sides and c'ollecting at the bottom. 

We are here dealing with water entirely, without reference to the 
atmosphere. The w'ater of the candle had the atmosphere helping to 
produce it; but in this way it can be produced independently of the air. 
Water, therefore, ought to contain that other substance which the can- 
dle takes from the air, and which, combining Vvith the hydrogen, 
produces water. 

Just now you saw that one end of tl)is battery took hold of the copper, 
extracting it from the vessel which c'ontained the blue solution. It was 
effected by this wire; and surely we may say, if the battery has such 
power with a metallic solution which we made and unmade, may we 
not find that it is possible to split asunder the component parts of the 
water, and put them into this place and that plac^? Suppose I take the 
pole's — the metallic ends of this battery — imd see what will happen with 
the water in this apparatus [see fig. on p. 408], where we have separated 
the two ends far apart. I place one here [at a], and the other there 
[at b], and I have little shelves with holes which I can put upon each 
pole, and so arrange them that whatever escapes from the tw'O ends of 
the battery will appear as separate gases; foi you saw that the water 
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did not become vaporous, but gaseous. The wires are now in perfect and 
proper connection witli the vessel containing the water; and you see the 
bubbles rising: let us collect these bubbles and see what they are. Here 
is a glass cylinder [o]; I fill it with water and put it over one end [a| of 

the pile; and I will take an- 
other [n] and put it over the 
other end [b] of the pile. And 
so now we have a double 
apparatus, with both places 
delivering gas. Both these jars 
will fill with gas. There the^y 
go, that to the right [h] fill- 
ing very rapidly; the one to 
the left [o] filling not so rap- 
idly; and though I have al- 
lowed some bubbles to es- 
cape, yet still the action is 
going on pretty regularly; 
and were it not that one is rather smaller than the other, you would 
see that I should have twice as much in this [h] as I have in that [o]. 
Both these gases are colourless; they stand over the water without c'on- 
densing; they are alike in all things — I mean in all apjxirenf things; and 
we have here an opportunity of examining these bo<lies and ascertaining 
what they are. Their bulk is large, and we can easily apply experiments 
to therm, I will take this jar [h] first, and will ask you to be prepared 
to recognize hydrogen. 

Think of all its qualities — the light gas which stof)d well in inverted 
vessels, burning with a pale flame at the mouth of the jar — and see 
whether this gas does not satisfy all these wndilions. If it be hydrogen, 
it will remain here while I hold this jar invertc’tl. [A light axis then ap- 
plied, when the hydrogen hnrnt.] What is there now in the other jar? 
You know that the two together made an explosive mixture. But what 
can thLs be which we find as the other c-onstitueiit in water, and which 
must therefore be that substance which made the hydrogen burn? We 
know that the water we put into the vessel c*onsistcd of the tWX) things to- 
gether. We find one of these is hydrogen; what must that other be which 
was in the water Ix^fore the experiment, and which we now have by 
itself? I am about to put this lighted splinter of wood into the gas. The 
gas itself will not bum, but it will make the splinter of wood burn. 
[The Lecturer ignited the erul of ^he wood, and introduced it into the 
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far of gas,] See how it invigorates the combustion of the wood, and how 
it makes it burn far better than the air would make it bum; and now you 
see by itself that very other substance which is contained in the water, 
and which, when the water was formed by the burning of the candle, 
must have been taken from the atmosphere. What shall we call it, A, B, or 
C? Let us call it O — call it “Oxygen”: it is a very good distinct-sounding 
name. This, then, is the oxygen which was present in the water, forming 
so large a part of it. 

We shall now begin to understand more clearly our experiments and 
researches; because, when we have examined these things once or twice, 
we shall soon see why a candle bums in the air. When we have in this 
way analysed the water — that is to say, separated, or electrolyzed, its 
parts out of it — ^we get two volumes of hydrogen, and one of the body 
that bums it. And these two are represented to us on the following 
diagram, with their weights also stated; and we shall find that the oxygen 
is a very heavy body by comparison with tlie hydiogen. It is the other 
element in water. 


VOLUME 

WEIGHT 

Oxygen 88.9 

Hydiogen 11.1 

Water 100.0 


I had better, perhaps, tell you now how we gel this oxygen abundantly, 
having shown you how we can separate it from the water. Oxjgen, as 
you will immediately imagine, exists in tlie atmosphere; for how should 
the candle burn to produce water without it? Such a thing would be 
absolutely impossible, and chemically impossible, without oxygen. Can 
we get it from the air? Well, there are some very complicated and diffi- 
cult processes by which we can get it from the air; but we have better 
processes. There is a substance called the black oxide of manganese: it is a 
very black-looking mineral, but very useful, and when made red-hot 
gives out oxygen. Here is an iron bottle which has had some of this sub- 
stance put into it, and there is a tube fixed to it, and a fire ready made, 
and Mr, Anderson will put that retort into the fire, for it is made of iron, 
and can stand the heat. Here is a salt called chlorate of potassa, which 
is now made in large quantities for bleaching, and chemical and medi- 
cal uses, and for pyrotechnic and other purposes. I will take some and 




410 Michael Faraday 

mix it with some of the oxide of manganese (oxide of copper, or oxide of 
iron would do as well ) ; and if I put these together in a retort, far less than 
a red heat is suflScient to evolve this oxygen from the mixture. I am not 
preparing to make much, because we only want sufficient for our experi- 
ments; only, as you will see immediately, if 
I use too small a charge, the first portion of 
the gas will be mixed with the air already 
in the retort, and I should be obliged to 
sacrifice the first portion of the gas, because 
it would be so much diluted with air; the 
first portion must therefore be thrown away. 
You will find, in this case, that a common 
spirit-lamp is quite sufficient for me to get 
the oxygen, and so we shall have two proc- 
esses going on for its preparation. See how 
freely the gas is coming over from that small 
portion of the mixture. We will examine it, 
and see what are its properties. Now, in this 
way we are producing, as you will observe, a gas just like the one we 
had in the experiment with the battery — transparent, undissolved by 
water, and presenting the ordinary visible properties of the atmosphere. 
(As this first jar contains the air, together with the first portions of the 
oxygen set free during the preparation, we will carry it out of the way, 
and be prepared to make our experiments in a regular, dignified man- 
ner.) And, inasmuch as that power of making wood, wax, or other things 
bum, was so marked in the oxygen we obtained by means of the voltaic 
battery from water, we may expect to find the same property here. We 
will try it. You see there is the combustion of a lighted taper in air, and 
here is its combustion in this gas [lowering the taper into the jar]. See 
how brightly and how beautifully it bumsi You can also see more than 
this — ^you will perceive it is a heavy gas, while the hydrogen would go 
up like a balloon, or even faster than a balloon, when not encumbered 
with the weight of the envelope. You may easily see that although we 
obtained from water twice as much in volume of the hydrogen as of oxy- 
gen, it does not follow that we have twice as much in weight — 
because one is heavy, and the other a very light gal. We have 
means of weighing gases or air; but without stopping to explain 
that, let me just tell you what their respective weights are. The 
weight of a pint of hydrogen is three-quarters of a grain; the 
weight of the same quantity of oxygen is nearly twelve grains. Tliis 
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is a very great difference. The weight of a cubic foot of hydrogen 
is one-twelfth of an ounce; and the weight of a cubic foot of oxy- 
gen is one ounce and a third. And so on we might come to masses 
of matter which may be weighed in the balance, and which we can take 
account of as to hundredweights and as to 
tons, as you wiH see almost immediately. 

Now, as regards this very property of oxy- 
gen supporting combustion, which we may 
compare to air, I will take a piece of candle 
to show it you in a rough way, and the result 
will be rough. There is our candle burning in 
the air: how will it bum in oxygen? I have 
here a jar of this gas, and I am about to put 
it over the candle for you to compare the action of this gas with that of 
the air. Why, look at it: it looks something like the light you saw at the 
poles of the voltaic battery. Think how vigorous that action must bel And 
yet, during all that action, nothing more is produced than what is pro- 
du(‘cd by the burning of the candle in air. We have the same production 
of water, and the same phenomena exactly, when we use this gas instead 
of air, as we have when the candle is burnt in air. 

But now we have got a knowledge of this new substance, we can look 

at it a little more distinctly, in 
order to satisfy ourselves that we 
have got a good general under- 
standing of this fKirt of the prod- 
uct of a candle. It is wonderful 
how great the supporting powers 
of this substance are as regards 
combustion. For instance, here 
is a lamp whicli, simple though 
it be, is the original, I may say, 
of a great variety of lamps 
wliioh are constructed for divers 
purposes — for lighthouses, mi- 
cioscopic illuminations, and 
other uses; and if it were pro- 
posed to make it bum very brightly, you would say, “If a candle burnt 
blotter in oxygen, will not a lamp do the same?” Why, it will do so. Mr. 
Amlcrson will give me a tube coming from our oxygen reservoir, and I 
am about to apply it to tliis flame, wliich I will previously make bum 
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badly on purpose. There comes the oxygen: what a combustion that 
makes! But if I shut it off, what becomes of the lamp? [The flow of oxy- 
gen was stopped, and the lamp relapsed to its former dimness.] It is 
wonderful how, by means of oxygen, we get combustion accelerated. But 
it does not affect merely the combustion of hydrogen, or carbon, or tlie 
candle; but it exalts all combustions of the common kind. We will take 
one which relates to iron, for instance, as you have already seen iron bum 

a little in the atmosphere. Here is a jar 
of oxygen, and this is a piece of iron 
wire; but if it were a bar as thick as my 
wrist, it would burn the same. I first 
attach a little piece of wood to the iron, 
I then set the wood on fire, and let them 
both down together into the jar. The 
wood is now alight, and there it burns 
as wood should burn in oxygen; but it 
will soon communicate its combustion 
to the iron. The iron is now burning 
brilliantly, and will continue so for a 
long time. As long as we supply oxygen, so long can we carry on tlie 
combustion of the iron, until the latter is consumed. 

We will now put that on one side, and take some other substance; but 
we must limit our experiments, for we have not time to spare for all the 
illustrations you would have a right to if we had more time. We will 
take a piece of sulphur — you know how sulphur burns in the air — well, 
we put it into the oxygen, and you will see that whatever can burn 
in air can bum with a far greater intensity in oxygen, leading you to 
think that perhaps the atmosphere itself owes all its power of combuslion 
to this gas. The sulphur is now burning very quietly in the oxygen; but 
you cannot for a moment mistake the very high and increased action 
which takes place when it is so burnt, instead of being burnt merely in 
common air. 

I am now about to show you the combustion of another substance — 
phosphoms. I can do it better for you here than you can do it at home. 
This is a very combustible substance; and if it be so combustible in air, 
what might you expect it would be in oxygen? I am about to show it to 
you, not in its fullest intensity, for if I did so we should almost blow the 
apparatus up — I may even now crack the jar, though I do not want to 
break things carelessly. You see how it bums in the air. But what a 
glorious light it gives out when I introduce it into oxygen! [Introducing 
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the lighted phosphorus into the jar of oxygen] There you see the solid 
particles going oflF which cause that combustion to be so brilliantly lumi- 
nous. 

Thus far we have tested this power of oxygen, and the high combus- 
tion it produces, by means of other substances. We must now, for a 
little while longer, look at it as respects the hydrogen. You know, when 
we allowed the oxygen and the hydrogen derived from the water to mix 
and burn together, we had a little explosion. You remember, also, that 
when I burnt the oxygen and the hydrogen in a jet together, we got 
very little light, but great heat. I am now about to set fire to oxygen 
and hydrogen, mixed in the proportion in which they occur in water. 
Here is a vessel containing one volume of oxygen and two volumes of 
hydrogen. This mixture is exactly of the same nature -’s the gas we just 
now obtained from the voltaic battery : it would be far too much to bum 
at once; I have therefore arranged to blow soap-bubbles with it, and bum 
those bubbles, that we may see by a general experiment or two how this 
oxygen supports the combustion of the hydrogen. First of all, we will see 
whether we can blow a bubble. Well, there goes the gas [causing it to 
issue through a tobacco-pipe into some soap-suds]. Here I have a bubble. 
I am receiving them on my hand: and you will perhaps think I am acting 
oddly in this experiment; but it is to show you that we must not always 
trust to noise and sounds, but rather to real facts [exploding a bubble 
on the palm of his haiul]. I am afraid to fire a bubble from the end of 
the pipe, because the explosion would pass up into the jar and blow it to 
pieces. This oxygen then will unite with the hydroger», as you see by 
tlie phenomena, and hear by the sound, with the utmost readiness of 
action, and all its powers are then taken up in its neutralization of the 
qualities of the hydrogen. 

So now I think you will perceive the whole history of water with 
reference to oxygen and tlie air, from what we have before said. Why 
does a piece of potassium decompose water? Because it finds oxygen in 
the water. What is set free when I put it in the water, as I am about to do 
again? It sets free hydrogen, and the hydrogen burns; but the potassium 
itself combines with oxygen; and this piece of potassium, in taking the 
water apart — the water, you may say, denved from the combustion of 
the candle — takes away the oxygen which the candle took from the air, 
and so sets the hydrogen free; and even if I take a piece of ice, and put 
a piece of potassium upon it, the beautiful affinities by which the oxygen 
and the hydrogen are related are such that the ice will absolutely set fire 
to the potassium. I show this to you today, in order to enlarge your 
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ideas of these things, and that you may see how greatly results are 
modified by circumstances. There is the potassium on the ice, producing 
a sort of volcanic action. 

It will be my place, when next we meet, having pointed out these 
anomalous actions, to show you that none of these extra and strange ef- 
fects are met with by us — that none of these strange and injurious actions 
take place when we are burning, not merely a candle, but gas in our 
streets, or fuel in our fire places — ^so long as we confine ourselves within 
the laws that Nature has made for our guidance. 

LECTURE V 

We have now seen that we can produce hydrogen and oxygen from the 
water that we obtained from the candle. Hydrogen, you know, comes 
from the candle, and oxygen, you believe, comes from the air. But then 
you have a right to ask me, “How is it that the air and the oxygen do not 
equally well bum the candle?” If you remember what happened when 
I put a jar of oxygen over a piece of candle, you recollect there was 
a very different land of combustion to that which took place in the air. 
Now, why is this? It is a very important question, and one I shall en- 
deavour to make you understand: it relates most intimately to the nature 
of the atmosphere, and is most important to us. 

We have several tests for oxygen besides the mere burning of bodies. 
You have seen a candle burnt in oxygen, or in the air; you have seen 
phosphorus burnt in the air, or in oxygen; and you have seen iron filings 
burnt in oxygen. But we have other tests besides these, and I am about 
to refer to one or two of them for the purpose of carrying your con- 
viction and your experience further. Here we have a vessel of oxygen. 
I will show its presence to you: if I take a little spark and put it into that 
oxygen, you know, by the experience you gained the last time we met, 
what will happen; if I put that spark into the jar, it will tell you whether 
we have oxygen here or not. Yesl We have proved it by combustion; and 
now here is another test for oxygen, w-^hich is a very curious and useful 
one. I have here two jars full of gas, with a plate between them to 
prevent their mixing; 1 take the plate away, and the gases are creeping 
one into the other. “What happens?” say you. “They together produce no 
such combustion as was seen in the case of the candle.” But lee how the 
presence of oxygen is told by its association with this other substance.** 
What a beautifully coloured gas I have obtained in this way, showing me 

16. The gas which is thus employed as a test for the presence of oxygen is the binoxide 
of nitrogen, or nitrous oxide. It is a colourless gas, which, when brought in contact 
with oxygen, unites with It, forming hyponitric acid, the red gas referred to. 
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the presence of the oxygen I In the same way we can try this experiment 
by mixing common air with this test gas. Here is a jar containing air — 
such air as the candle would bum in — and here is a jar or bottle containing 
the test gas. I let them come together over water, and you see the result: 
the contents of the test bottle are flowing into the jar of air, and you 
see I obtain exactly the same kind of action as before, and that shows 
me that there is oxygen in the air — the very same substance that has 
been already obtained by us from the water produced by the candle. But 
then, beyond that, how is it that the candle does not bum in air as well as 
in oxygen? We will come to that point at once. I have here two jars; 
they are filled to the same height with gas, and the appearance to the 
eye is alike in both, and I really do not know at present which of 
these jars contains oxygen and which contains air, alth^ ugh I know they 
have previously been filled with these gases. But here is our test gas, and 
I am going to work with the two jars, in order to examine whether there 
is any difference between them in the quality of reddening this gas. I am 
now going to turn this test gas into one of the jars, and observe what 
happens. Tliere is reddening, you see; there is then oxygen present. We 
will now test the other jar; but you see this is not so distinctly red as 
the first; and, further, tliis curious thing happens — if I take these two 
gases and shake them well together with water, we shall absorb the 
red gas; and then, if I put in more of this test gas and shake again, we 
shall absorb more; and I can go on as long as there be any oxygen pres- 
ent to produce that effect. If I let in air, it will not matter; but the mo- 
ment I introduce water, the red gas disappears; and I may go on in this 
way, putting in more and more of the test gas, until I come to some- 
thing left behind which will not redden any longer by the use of that 
particular body that rendered the air and the oxygen red. Why is that? 
You see in a moment it is because there is, besides oxygen, something else 
present which is left behind. I will let a little more air into the jar, and if 
it turns red you will know that some of that reddening gas is still present, 
and that consecjuently it was not for the want of tliis producing body that 
the air was left behind. 

Now, you will begin to understand what I am about to sa\. You saw 
that when I burnt phosphorus in a jar, as the smoke produced by the 
phosphorus and the oxygen of the air condensed, it left a good deal of gas 
unbumt, just as this red gas left something untouched — there was, in fact, 
this gas left behind, which the phosphorus cannot touch, which the 
reddening gas cannot touch, and this something is not oxygen, and yet 
is part of the atmosphere. 

So that is one way of opening out air into the two tilings of which it is 
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composed — oxygen, which bums our candles, our phosphorus, or any- 
thing else; and this other substance — nitrogen — which will not burn 
them. This other part of the air is by far the larger proportion, and it is 
a very curious body, when we come to examine it; it is remarkably curious, 
and yet you say, perhaps, that it is very uninteresting. It is uninteresting 
in some respects because of this — that it shows no brilliant eflFects of com- 
bustion. If I test it with a taper as I do oxygen and hydrogen, it 
does not bum like hydrogen, nor does it make the taper bum like oxygen. 
Try it in any way I will, it does neither the one thing nor the other: it will 
not take fire; it will not let the taper bum; it puts out the combustion of 
everything. There is nothing that will bum in it in common circumstances. 
It has no smell; it is not sour; it does not dissolve in water; it is neither 
an acid nor an alkali; it is as indifferent to all our organs as it is pos- 
sible for a tiling to be. And you might say, “It is nothing; it is not worth 
chemical attention; what does it do in the air?” Ah! then come our 
beautiful and fine results showm us by an observant philosophy. Suppose, 
in place of having nitrogen, or nitrogen and oxygen, we had pure 
oxygen as our atmosphere; what would become of us? You know \ei'y 
well that a piece of iron lit in a jar of oxygen goes on burning to the 
end. When you see a fire in an iron grate, imagine where the grate 
would go to if the whole of the atmosphere were oxygen. The grate 
would bum up more powerfully than the coals — for the iron of the grate 
itself is even more combustible than the coals which we bum in it. A fire 
put into the middle of a locomotive would be a fire in a magazine of 
fuel, if the atmosphere were oxygen. The nitrogen lowers it down and 
makes it moderate and useful for us, and then, with all that, it takes 
away with it the fumes that you have seen produced from the candle, 
disperses them throughout the whole of the atmosphere, and carries 
them away to places where they are wanted to perfonn a great and 
glorious purpose of good to man, for the sustenance of vegetation; and 
thus does a most wonderful work, although you say, on examining it, 
“Why, it is a perfectly indifferent thing.” This nitrogen in its ordinary 
state is an inactive element; no action short of the most intense electric 
force, and then in the most infinitely small degree, can cause the 
nitrogen to combine directly with the other clement of the atmosphere, 
or with other things round about it; it is a perfectly indifferent, and 
therefore to say, a safe substance. 

But before I take you to that result, I must tell you about the at- 
mosphere itself. I have written on this diagram tlie composition of one 
hundred parts of atmospheric air: 
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Bulk Weight 
Oxygen 20 22.3 

Nitrogen 80 77.7 

100 

It is a true analysis of the atmosphere, so far as regards the quantity of 
oxygen and the quantity of nitrogen present. By our analysis, we find 
that 5 pints of the atmosphere contain only 1 pint of oxygen, and 4 pints, 
or 4 parts, of nitrogen by bulk. Tliat is our analysis olF the atmosphere. 
It requires all that quantity of nitrogen to reduce the oxygen down, so as 
to be able to supply the candle properly with fuel, so as to supply us 
with an atmosphere which our lungs can healthily and safely breathe; for 
it is just as important to make the oxygen right for us to breathe, as it is 
to make the atmosphere right for the burning of the fire and the candle. 

But now for this atmosphere. First of all, let me tell you the weight of 
these gases. A pint of nitrogen weighs 10^0 grains, or a cubic foot weighs 
1% ounce. Ihat is the weight of the nitrogen. The oxygen is heavier: a 
pint of it weighs ii%o grains, and a cubic foot weighs 1% ounce. A pint 
of air weighs about 10% 0 grains, and a cubic foot 1% ounce. 

You have asked me several times, and I am very glad you have, "How 
do you weigh gases?” I will show you; it is very simple, and easily done. 
Here is a balance, and here a copper bottle, made 
as light as we can consistent with due strength, 
turned very nicely in the lathe, and made perfectly 
air-tight, with a stopcock, which we can open and 
shut, which at present is open, and therefore allows 
the bottle to be full of air, I have here a nicely 
adjusted balance, in which I think the bottle, in 
its present condition, will be balanced by the 
weight on the other side. And here is a pump by 
which we can force the air into this bottle, and 
with it we will force in a certain number of vol- 
umes of air, as measured by the pump, [Twenfi/ 
measures were pumped in.] We will shut that in 
and put it in the balance. See how it sinks: it is 
much heavier than it was. By what? By the air 
that we have forced into it by the pump. There 
is not a greater bulk of air, but there is the same bulk of heavier air, be- 
cause we have forced in air upon it. And that you may have a fair notion 
in your mind as to how much this air measures, here is a jar full of 
water. We will open that copper vessel into this jar, and let the air 
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return to its former state. All I have to do now is to screw them tightly 
together, and to turn the taps, when there, you see, is the bulk of the 
twenty pumps of air which I forced into the bottle; and to make sure 
that we have been quite correct in what we have been doing, we will 

take the bottle again to the balance, 
and, if it is now counterpoised by the 
original weight, we shall be quite sure 
we have made our experiment cor- 
rectly. It is balanced, so, you see, we 
can find out the weight of the extra 
volumes of air forced in, in that way, 
and by that means we are able to as- 
certain that a cubic foot of air weighs 
1% ounce. But that small experiment 
will by no means convey to your mind 
the whole literal truth of this matter. 
It is wonderful how it accumulates 
when you come to larger volumes. ITiis 
bulk of air [a cubic foot] weighs ounce. What do you think of the 
contents of that box above there, which I have had made for the pur- 
pose? The air which is within that box weighs one pound-w4i full pound, 
and I have calculated the weight of the air in this rotim — ^you would 
hardly imagine it, but it Is above a ton. So rapidly do the weights rise 
up, and so important is the presence of the atmosphere, and of the oxygen 
and the nitrogen in it, and the use it performs in conveying things to 
and fro from place to place, and carrying bad vapours to places where 
they will do good instead of harm. 

Having given you that little illustration with respect to the weight of 
the air, let me show you certain consequences of it. You have a right to 
them, because you would not understand so much without it. Do you 
remember this land of experiment? Have you ever seen it? Suppose I 
take a pump somewhat similar to the one I had a little wliile ago to force 
air into the bottle, and suppose I place it in such a manner that by 
certain arrangements I can apply my hand to it: my hand itioves about 
in the air so easily that it seems to feel nothing, and I can hardly get 
velocity enough by any motion of my own in the atmosphere to make 
sure that there is much resistance to it. But, when I put iny hand here 
[on the air-pump receiver, which was afterwards exhausted], you see 
what happens. Why is my hand fastened to this place, and why am I 
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able to pull this pump about? And seel how is it that I can hardly get 
my hand away? Why is this? It is the weight of the air— the weight of 
the air that is above. I have another experiment here, which I think will 
explain to you more about it. When the air is pumped from under- 
neath the bladder which is stretched over this glass, you will see the ef- 
fect in another shape: the top is quite flat at present, but I will make a 
very little motion with the pump, and now look at it — see how it has 
gone down, see how it is bent in. You will see the bladder go in more and 
more, until at last I expect it will be driven in and broken by the force 



of the atmosphere pressing upon it. [The bladder at last broke with a 
loud report,] Now, that was done entirely by the weight of the air 
pressing on it, and you can easily imderstand how that is. The particles 
tliat are piled up in the atmosphere stand upon each other, as these five 
cubes do [p. 420]. You can easily conceive that four of these five cubes are 
resting upon the bottom one, and if I take that away, the others will all 
sink down. So it is with the atmosphere: the air that is above is sus- 
tained by the air that is beneath; and when the air is puuiped away from 
beneath them, tlie change occurs which you saw when I placed my hand 
on the air-pump, and which you saw in the case of the bladder, and 
which you shall see better here. I have tied over this jar a piece of sheet 
india-rubber, and I am now alx^ut to take away the air from the inside 
of the jar; and if you will watch the india-rubber — which acts as a parti- 
tion between the air below and the air above — you will see, when I 
pump, how the pressure shows itself. See where it is going to — I can 
actually put my hand into the jar; and yet this lesult is only caused 
by the great and powerful action of the air above. How beautifully it 
shows this airious circumstancel 

Here is something that you can have a pull at, when I have finished 
to-diiy. It is a little apparatus of two hollow brass hemispheres, closely 
fitted together, and having connected with it a pipe and a cock, through 
which we can exhaust the air from the inside; and although the two 




420 Michael Faraday 

halves are so easily taken apart, while the air is left within, yet you will 
see, when we exhaust it by and by, no power of any two of you will be 
able to pull them apart. Every square inch of surface that is contained in 

the area of that vessel sustains fifteen 
pounds by weight, or nearly so, when the 
air is taken out; and you may try your 
strengtli presently in seeing whether you 
can overcome that pressure of the atmos- 
phere. 

Here is another very pretty tiling — the 
boys* sucker, only refined by the philoso- 
pher. We young ones have a perfect right to 
take toys, and make them into philosophy, 
inasmuch as now-a-days we are turning 
philosophy into toys. Here is a sucker, only 
it is made of india-rubber: if I clap it 
upon the table, you see at once it holds. 
Why does it hold? I can slip it about, and 
yet if I try to pull it up, it seems as if it 
would pull the table with it. I can easily make it slip about from 
place to place; but only when I bring it to the edge of the table 
can I get it oflF. It is only kept down by the pressure of the atmos- 
phere above. We have a couple of them; and if you take these two 
and press them together, you will see how firmly they stick. And, indeed, 
we may use them as they are proposed to be used, to stick against 
windows, or against walls, where they will adhere for an evening, 
and serve to hang anything on that you want. I think, however, 
that you boys ought to be shown experiments that you can make 
at home; and so here is a very pretty experiment in illustration of 
the pressure of the atmosphere. Here is a tumbler of water. Sup- 
pose I were to ask you to turn that tumbler upside down, so that the 
water should not fall out, and yet not be kept in by yoiu- hand, but 
merely by using the pressure of the atmosphere. Could you da that? Take 
a wine-glass, either quite full or half full of water, and put a flat card on 
the top, turn it upside down, and then see what becomes of the card and 
of the water. Tlie air cannot get in because the water by its (Japillary at- 
traction round the edge keeps it out. 

I think this will give you a <x)iTect notion of what you may call the 
materiality of the air; and when I tell you that the box holds a pound 
of it, and this room more than a ton, you will begin to think that air is 
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something very serious. I will make another experiment, to convince you 
of this positive resistance. There is that beautiful experiment of the pop- 
gun, made so well and so easily, you know, out of a quill, or a tube or 
anything of that kind, where we take a slice of potato, for instance, or an 
apple, and take the tube and cut out a pellet, as I have now done, and 
push it to one end. I have made that end tight; and now I take another 
piece and put it in: it will confine the air that is within the tube per- 
fectly and completely for our purpose; and I shall now find it absolutely 
impossible by any force of mine to drive that little pellet close up to the 
other. It cannot be done. I may press the air to a certain extent, but if I go 
on pressing, long before it comes to the second, the confined air will drive 
the front one out with a force something like that of gunpowder; for 
gunpowder is in part dependent upon the same action that you see here 
exemplified. 

I saw the other day an experiment which pleased me much, as I 
thought it would serve our purpose here. ( I ought to have held my 
tongue for four or five minutes before beginning this experiment, because 
it depends upon my lungs for success. ) By the proper application of air 
I expect to be able to drive this egg out of one cup into the other by the 
force of my breath; but if I fail, it is in a good cause; and I do not promise 
success, because I have been talking more than I ought to do to make 
the experiment succeed. 

[The Lecturer here tried the experiment, and succeeded in blowing 
the egg from one egg-cup to the other ] 

You see that the air which I blow goes dowmwards between the egg 
and the cup, and makes a blast under the egg, and is thus able to lift a 
heavy thing — for a full egg is a very heavy thing for air to lift. If you 
want to make the experiment, you had better boil the egg quite hard first, 
and then you may very safely try to blow it from one cup to the other, 
with a little care. 

I have now kept you long enough upon this property of the weight of 
the air, but there is another thing I should like to mention. You saw the 
way in which, in this pop-gun, I was able to drive the second piece of 
potato half or two-thirds of an inch before the first piece .started, by 
virtue of the elasticity of the air— just as I pressed into the copper bottle 
the particles of air by means of the pump. Now, this depends upon a 
wonderful property in the air, namely, its elasticity; and I should like 
to give you a good illustration of this. If I take anything that confines the 
air properly, as this membrane, which also is able to contract and expand 
so as to give us a measure of the elasticity of the air, and confine in 
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this bladder a certain portion of air; and then, if we take the atmosphere 
off from the outside of it, just as in these cases we put the pressure on 
— ^if we take the pressure off, you will see how it will then go on expand- 
ing and expanding, larger and larger, until it will fill the whole of this 
bell-jar, showing you tliat wonderful property of the air, its elasticity, 
its compressibility, and expansibility, to an exceedingly large extent, and 
which is very essential for the purposes and services it performs in the 
economy of creation. 

We will now turn to another very important part of our subject, re- 
membering that we have examined the candle in its burning, and have 
found that it gives rise to various products. We have the products, you 
know, of soot, of water, and of something else which you have not yet 
examined. We have collected the water, but have allowed the other 
things to go into the air. Let us now examine some of these other prod- 
ucts. 

Here is an experiment which I tliink will help you in part in this way. 
We will put our candle there, and place over it a chimney, thus. I tliink 
my candle will go on burning, because the air-passage is open at the 
bottom and the top. In the first place, you see the moisture appearing — 
that you know about. It is water produced from the candle by the action 
of the air upon its hydrogen. But, besides that, something, is going out 
at the top; it is not moisture — it is not water — it is not condensable; and 
yet, after all, it has very stngiilar properties. You will find tliat the air 
coming out of the top of our chimney is nearly sufficient to blow out 

the light I am holding to it; and if I 
put the light fairly opposed to the cur- 
rent, it will blow it quite out. You will 
say that is as it should be; and I am 
supposing that you think it ought to do 
so, because the nitrogen does not sup- 
port combustion, and ought to put the 
candle out, since the candle will not 
biun in nitrogen. But is there nothing 
else there than nitrogen? I must now 
anticipate — that is to say, I nmst use my 
own knowledge to supply you with the meaas that we adopt for the pur- 
pose of ascertaining these things, and examining such gases os these. I 
will take an empty bottle — ^here is one — and if I hold it over this 
chimney, I shall get the combustion of the candle below sending its re- 
sults into the bottle above; and we shall soon find that this bottle con- 
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tains, not merely an air that is bad as regards the combustion of a taper 
put into it, but having other properties. 

Let me take a little quicklime and pour some common water on to it 
— the commonest water will do. I will stir it a moment, then pour it upon 
a piece of filtering paper in a funnel, and we shall very quickly have a 
clear water proceeding to the bottle below, as I have here. I have plenty 
of this water in another bottle; but, nevertheless, I should like to use the 
lime-water that was prepared before you, so that you may see what its 
uses are. If I take some of this beautiful clear lime-water, and pour it into 
this jar, which has collected the air from the candle, you will see a change 
coming about. Do you see that the water has become quite milky? 
Observe, that will not happen with air merely. Here is a bottle filled with 
air; and if I put a little lime-water into it, neither the oxygen nor the 
nitrogen, nor anything else that is in that quantity of air, will make any 
change in the lime-water. It remains perfectly clear, and no shaking of 
that qudiiUty of lime-water with that quantity of air in its common 
state will cause any change; but if I take this bottle with the lime-water, 
and hold it so as to get the general products of the candle in contact 
with it, in a very short time we shall have it milky. There is the chalk, 
consisting of the lime which we used in making the lime-water, combined 
with something that came from the candle — that other product which 
vve are in search of, and which I w^ant to tell you about to-day. This is a 
substance made visible to us by its action, which is not the action of the 
lime-water cither upon the oxygen or upon the nitrogen, nor upon the 
water itself, but it is something new to us from the candle. And then we 
find this white powder, produced by the lime-water and the vapour 
from the candle, appears to us very much like whitening or chalk, and, 
when examined, it doc's prove to be exactly the same substance as 
whitening or chalk. So we are It'd, or have been led, to observe upon the 
vaiious circumstances of this experiment, and to trace this production 
of chalk to its various causes, to give us the true knowledge of the nature 
of this combustion of the candle — to find that tliis substance, issuing from 
the candle, is exactly the same as tliaf substance which would issue 
from a retort, if I were to put some chalk into it with a little moisture, 
and make it red-hot: you would then find that exactly the same substance 
would issue from it as from the candle. 

But we have a better means of getting this substance, and in greater 
quantity, so as to ascertain what its general characters are. We find this 
substance in very great abundance in a multitude of cases where you 
would least expect it. All limestones contain a great deal of this gas 
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which issues from the candle, and which we call carbonic acid. All 
chalks, all shells, all corals contain a great quantity of this curious air. We 
find it fixed in these stones; for which reason Dr. Black called it ‘‘fixed 
air'’ — ^finding it in these fixed things like marble and chalk. He called it 
fixed air, because it lost its quality of air, and assumed the condition of 
a solid body. We can easily get this air from marble. Here is a jar con- 
taining a little muriatic acid, and here is a taper which, if I put it into 
that jar, will show only the presence of common air. There is, yon see, 
pure air down to the bottom; the jar is full of it. Here is a substance — 
marble,^^ a very beautiful and superior marble — and if I put these 
pieces of marble into the jar, a great boiling apparently goes on. Tliat, 
however, is not steam — it is a gas that is rising up; and if I now search 
the jar by a candle, I shall have exactly the same effect produced upon 
the taper as I had from the air which issued from the end of the 
chimney over the burning candle. It is exactly the same action, and 
caused by the very same substance that issued from the candle; and in 
this way we can get carbonic acid in great abundance — we have already 
nearly filled the jar. We also find that this gas is not merely contained in 
marble. Here is a vessel in which I have put some common whitening — 
chalk, which has been washed in water and deprived of its coarser 
particles, and so supplied to the plasterer as whitening. Heiej^is a large jar 
containing this wliitening and water, and I have heie some strong 
sulphuric acid, which is the acid you might have to use if you were to 
make these experiments (only, in using this acid with limestone, the 
body that is produced is an insoluble substance, whereas the muriatic 
acid produces a soluble substance that does not so much thicken the 
water). And you will seek out a reason why I take this kind of apparatus 
for the purpose of showing this experiment. I do it because you may 
repeat in a small way what I am about to do in a large one. You will 
have here just the same kind of action; and I am evolving in this large 
jar carbonic acid, exactly the same in its nature and properties as the 
gas which we obtained from the combustion of the candle in the at- 
mosphere. And no matter how different the two methods by whidi we 
prepare this carbonic acid, you will see, when we get to the end of our 
subject, that it is all exactly the same, whether prepared in the one 
way or in the other. 

We will now proceed to the next experiment with regard to this gas. 

17. Marble is a compound of carbonic acid and lime. The muriatic acid. V)oing the 
stronger of the two, takes tiie place of the carbonic aci<l. which escapes as a gas, 
the residue forming muriate ot lime chloride of calcium. 
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What is its nature? Here is one of the vessels full, and we will try it, as 
we have done so many other gases, by combustion. You see it is not 
combustible, nor does it support combustion. Neither, as we know, does 
it dissolve much in water, because we collect it over water very easily. 
Then, you know that it has an effect, and becomes white in contact with 
lime-water; and when it does become white in that way, it becomes 
one of the constituents to make carbonate of lime or limestone. 

The next thing I must show you is, that it really does dissolve a little 
in water, and therefore that it is unlike oxygen and hydrogen in that re- 
spect. 1 have here an apparatus by which we can produce this solution. 
In the lower part of this apparatus is marble and acid, and in the upper 
part cold water. The valves are so arranged that the gas can get from one 
to the other. I will set it in action now, and you can sc%_ the gas bubbling 
up through the water, as it has been doing all night long, and by this time 
we shall find that we have this substance dissolved in the water. If I take 
a glass and draw off some of the water, I find that it tastes a little acid 
to the mouth: it is impregnated ^^ith carbonic acid; and if I now 
apply a little lime-water to it, that will give us a test of its presence. This 
water will make the lime-water turbid and white, wlxich is proof of the 
presence of carbonic acid. 

Then it is a vc*ry weighty gas — it is heavier than the atmosphere. I 
have put their respective weights at the lower part of this table, along 
with, for comparison, the weiglits of the other gases we have been ex- 
amining: 


Hydrogen 

Pint 
( Grams 

Cubic Fi 
) (Ounce 

Ml 

Oxvgcn 

ll»io 

IM 

Nitrogen 

1()»10 

IM 

Air 

lO’/io 

]M 

Carbonic acid 

161/4 

IMo 


A pint of it weighs grains, and a cubic foot 
weighs i%() ounce, almost two ounces. You can 
see by many experiments that this is a heaw gas. 
Suppose I take a glass containing nothing else 



— 

but air, and from this 


vessel containing the carbonic acid I attempt to pour a little of this gas 
into that glass; I wonder whether any has gone in or not. I cannot tell by 
the appearance, but I can in this way [introducing the taper]. Yes, there 
it is, you see; and if I were to examine it by lime-water, I should find it 
by that test also. I will take this little bucket, and put it down into the 
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well of carbonic acid — indeed, we too often have real wells of carbonic 
acid — and now, if there is any carbonic acid, I must have got to it by 
this time, and it will be in this bucket, which we will examine with a 
taper. There it is, you see; it is full of carbonic acid. 



There is another experiment by which I will show you its w<‘ight. I 
have here a jar suspended at one end of a balance — it is now e((uipoiscd; 
but when I pour this carbonic acid into the jar on the one side which 
now contains air, you will see it sink down at once, because of the car- 
bonic acid that I pour into it. And now, if I examine this jar with the 
lighted taper, I shall find that the carbonic acid has fallen into it, and it 
no longer has any power of supporting the combustion. If I blow a soap- 
bubble, which of course will be filled with air, and let it fall into this jar 
of carbonic acid, it will float. But I shall first of all take one of th(*se little 
balloons filled with air. I am not quite sure where the carbonic acid is; wo 
will just try the depth, and see whereabouts is its level. There, you see, 
we have this bladder floating on the carbonic acid; and if I evolve some 
more of the carbonic acid, the bladder will be lifted up higher. Ilicre it 
goes — the jar is nearly full; and now I will see whether I can blow a 
soap-bubble on that, and float it in the sanjc way. [The Lecturer here 
blew a soap~huhhle, and allowed it to fall into the jar of carbonic acid, 
when it floated in it midway.] It is floating, as the balloon floated, by 
virtue of the greater weight of the carbonic acid than of the afr. And now, 
having so far given you the history of the carbonic acid — as tl> its sources 
in the candle, as to its physical properties and weight — when we next 
meet I shall show you of what it is composed, and where it gets its ele- 
ments from. 
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LECTURE VI 

A lady who honours me by her presence at these lectures has con- 
ferred a still further obligation by sending me these two candles, which 
are from Japan, and, I presume, are made of that substance to which I 
referred in a former lecture. You see that they are even far more highly 
ornamented than the French candles; and, I suppose, are candles of 
luxury, judging from their appearance. They have a remarkable peculiar- 
ity about them, namely, a hollow wick — that beautiful peculiarity 
which Argand introduc-ed into the lamp, and made so valuable. To those 
who receive such presents from the East, I may just say that this and such 
like materials gradually undergo a change which gives them on the 
surface a dull and dead appearance; but they may easily be restored to 
their original beauty, if the surface be rubbed with a clean cloth or silk 
handkerchief, so as to polish the little rugosity or roughness: this svill 
restore the beauty of the colours. I have so rubbed one of these candles, 
and you see the difference between it and the other which has not been 
poIishc*d, but which may be restored by the same process. Observe, also, 
that these moulded candles from Japan are made more conical than the 
moulded candles in this part of the world. 

I told you, when we last met, a good deal about carbonic acid. We 
found, by the lime-water test, that when the vapour from the top of 
the candle or lamp was received into bottles, and tested by this solution 
of lime-water (the composition of which I explained vou, and which 
yon can make for yourselves), we had that wliite opac’ts which was in 
fact calcareous matter, like shells and corals, and many of the rocks and 
minerals in the earth. But I have not yet told you fully and clearly the 
chemical history of this substance— carbonic acid — as we have it from the 
candle, and I must now resume tliat subject. We have seen the prod- 
ucts, and the nature of them, as they issue from the candle. We have 
traced the water to its elements, and now we have to see where are the 
elements of the carbonic acid supplied by the candle. A few experiments 
will show this. You remember that when a candle bums badly, it pro- 
duces smoke; but if it is biu-ning well, there is no smoke. An<» you know 
that the brightness of the candle is due io this smoke, which becomes 
ignited. Here is an experiment to prove this: so long as the smoke remains 
in the flame of the candle and l)ecomes ignited, it gives a beautiful light, 
and never appears to us in the form of black particles. I will light some 
fuel which is extravagant in its burning. This will serve our purpose— a 
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little turpentine on a sponge. You see the smoke rising from it, and floating 
into the air in large quantities; and, remember now, the carbonic acid 
that we have from the candle is from such smoke as that. To make that 
evident to you, I will introduce this turpentine burning on the sponge 
into a flask where I have plenty of oxygen, the rich part of the atmos- 
phere, and you now see that the smoke is all consumed. This is the first 
part of our experiment; and now, w'hat follows? The carbon which you 
saw flying oflF from the turpentine flame in the air is now entirely 
burned in this oxygen, and we shall find that it will, by this rough 
and temporary experiment, give us exactly the same conclusion and result 
as we had from the combusHon of the candle. The reason why T make the 
experiment in this manner is solely that I may cause the steps of our 
demonstration to be so simple that you can never for a moment lose the 
train of reasoning, if you only pay attention. All the carbon which is 
burned in oxygen, or air, comes out as carbonic acid, while those par- 
ticles which are not so burned show you the second substance in the 
carbonic acid — namely, the carbon — that bodv which made the flame 
so bright while there was plenty of air, but which was thrown off in excess 
when there was not oxygen enough to burn it. 

I have also to show you a little more distinctly the history of carbon 
and oxygen, in their union to make carbonic acid. You are now better 
able to understand this than before, and I have prepared three or four 
experiments by way of illustration. This jar is filled with oxygen, and here 
is some carbon which has been placed in a crucible, for the purpose of 
being made red-hot. I keep my jar dry, and venture to give you a result 
imperfect in some degree, in order that I may make the expcTiment 
brighter. I am about to put the oxygen and the carbon together. That this 
is carbon (common charcoal pulverized), you will see by the way in 
which it bums in the air [letting some of the red-hot charcoal fall out of 
the crucible], I am now about to bum it in oxygen gas, and look at the 
difference. It may appear to you at a distance as if it were burning with 
a flame; but it is not so. Every little piece of charcoal is l>urning as a 
spark, and while it so bums it is producing carbonic acid. I specially want 
these two or three exp<Timcnts to point out what I shall dw<'ll upon 
more distinctly by and by — that carbon bums in this way, and not as a 
flame. 

Instead of taking many particles of carbon to bum, I will take a rather 
large piece, which will enable you to .see the form and size, and to 
trace the effects very decidedly. Here is the jar of oxygen, and here is 
the piece of charcoal, to which I have fastened a little piece of wood, 
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which I can set fire to, and so commence the combustion, which I could 
not conveniently do without. You now see the charcoal burning, but 
not as a flame ( or if there be a flame, it is the smallest possible one, which 
I know the cause of — namely, the formation of a little carbonic oxide 
close upon the surface of the cinbon). It goes on burning, you see, slowly 
producing carbonic acid by the union of this carbon or charcoal (they are 
equivalent terms) with the oxygen. I have here another piece of charcoal, 
a piece of bark, which has the quality of being blown to pieces — explod- 
ing as it bums. By the effect of the heat, we shall reduce the lump of 
carbon into particles that will fly off; still every particle, equally with the 
whole mass, bums in this peculiar way: it bums as a coal, and not like a 
flame. You observe a multitude of little combustions going on, but no 
flame. I do not know a finer experiment than this to show that carbon 
burns with a spark. 

Here, then, is carbonic acid formed from its elements. It is produced at 
once; and if we examined it by lime-water, you uill see that we have the 
sam<‘ substance which I have previously describt'd to you. By putting to- 
getluT 6 parts of carbon by weight (whether it comes from the flame of a 
candle or from powdered charcoal) and i6 parts of oxygen by weight, 
we ha\’e 22 parts of carbonic acid; and, as we saw last time, the 22 parts 
of carbonic acid, combined with 28 parts of lime, produced common 
carbonate* of lime. If ) ()u were to examine an oyster-shell, and weigh the 
component parts, y(^ii would find that every 50 parts would give 6 of 
carbon and 16 of oxygen, combined with 28 of lime. Il>}wever, I do not 
want to trouble you with these minutiae — it is only the gt/icral philosophy 
of the matter that we can now go into. See how finely the carbon is dis- 
solving away [pointing io the Jump of charcoal buminff quietly in the jar 
of oxygen]. You may say that the charcoal is actually dissolving in the air 
round about; and if that were perfectly pure charcoal, which we can 
easily prepare, there would be no residue whatever. When we have a 
perfectly cleansed and puiified pic*ce of carbon, there is no ash left, 
nic carbon burns as a solid dense body, that heat alone cannot change 
as to its solidity, and yc*t it passes away into vapour that never condenses 
into solid or liquid under ordinary ciretunstances; and what is more 
curious still is the fact that the oxygen does not change in its bulk by 
the sohition of the carbon in it. Just as the bulk is at first, so it is at last, 
only it has become carbonic acid. 

There is another experiment which I must give you before you are 
fully ac(|iiaint(Hl with tlie general nature of carbonic acid. Being a com- 
pound body, ('onsisting of carbon and oxygen, caibonic acid is a body that 
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we ought to be able to take asunder. And so we can. As we did with wa- 
ter, so we can with carbonic acid — take the two parts asunder. The 
simplest and quickest way is to act upon the carbonic acid by a sub- 
stance that can attract the oxygen from it, and leave the carbon behind. 
You recollect that I took potassium and put it upon water or ice, and you 
saw that it could take the oxygen from the hydrogen. Now, suppose we 
do something of the same kind here with this carbonic acid. You know 
carbonic acid to be a heavy gas. I will not test it with lime-water, as 
that will interfere with our subsequent experiments; but I think the 
heaviness of the gas and the power of extinguishing flame will be suflB- 
dent for our purpose. I introduce a flame into the gas, and you will see 
whether it will be put out. You see the light is extinguished. Indeed, the 
gas may, perhaps, put out phosphorus, which, you know, has a pretty 
strong combustion. Here is a piece of phosphorus heated to a high de- 
gree. I introduce it into the gas, and you observe the light is put out; but 
it will take fire again in the air, because there it re-enters into combus- 
tion. Now, let me take a piece of potassium, a substance wliich, even at 
common temperatures, can act upon carbonic acid, though not suflBciently 
for our present purpose, because it soon gets covered with a protecting 
coat; but if we warm it up to the burning point in air, as we have a fair 
right to do, and as we have done with phosphorus, you see that it 
can bum in carbonic acid; and if it bums, it will burn by taking 
oxygen, so that you will see what is left behind. I am going, then, to 
bum this potassium in the carbonic acid, as a proof of the existence of 
oxygen in the carbonic add. [In the preliminary process of heating, the 
potassium exploded,] Sometimes we get an awkward piece of potassium 
that explodes, or something like it, when it bums. I will take another 
piece; and now that it is heated, I introduce it into the jar, and you per- 
ceive that it bums in the carbonic acid — not so well as in the air, because 
the carbonic add contains the oxygen combined; but it does burn, and 
takes away the oxygen. If I now put this potassium into water, I find that, 
besides the potash formed (which you need not trouble about), there 
is a quantity of carbon produced. I have here made the experiment in 
a very rough way; but I assure you that if I were to make ft carefully, 
devoting a day to it, instead of five minutes, we should get all the proper 
amount of charcoal left in the spoon, or in the place where the potas- 
sium was burned, so that there could be no doubt as to the result. Here, 
then, is the carbon obtained from the carbonic add, as a common black 
substance; so that you have the entire proof of the nature of carbonic 
add as consisting of carbon and oxygen. And now, I may tell you, that 
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whenever carbon bums under common circumstances, it produces car- 
bonic acid. 

Suppose I take this piece of wood, and put it into a bottle with lime- 
water. I might shake that lime-water up with wood and the atmosphere 
as long as I pleased, it would still remain clear as you see it; but suppose 
I bum the piece of wood in the air of that bottle. You, of course, know 
I get water. Do I get carbonic acid? [The experiment was performed.] 
There it is, you see — that is to say, the carbonate of lime, which results 
from carbonic acid, and that carbonic acid must be formed from the 
carbon which comes from the wood, from the candle, or any other thing. 
Indeed, you have yourselves frequently tried a very pretty experiment, 
by which you may see the carbon in wood. If you take a piece of 
wood, and partly burn it, and then blow it out, you have carbon left. 
There are things that do not show carbon in this way. A candle does not 
show it, but it contains carbon. Here also is a jar of c'oal-gas, which pro- 
duces carbonic acid abundantly. You do not see the carbon, but we can 
soon show it to you. I will light it, and as long as there is any gas in this 
cylinder it will go on burning. You see no carbon, but you see a flame; 
and because that is bright, it will lead you to guess that there is car- 
bon in the flame. But I will show it to you by another process. I have 
some of the same gas in another vessel, mixed with a body that will bum 
the hydrogen of the gas, but will not bum the carbon. I will light them 
with a burning taper, and you perceive the hydrogen is consumed, but 
not the carbon, which is left behind as a dense black smoke. I hope that 
by these three or four experiments you will leam to see when carbon is 
present, and understand what are the products of combustion, when gas 
or other bodies are thoroughly burned in the air. 

Before we leave the subject of carbon, let us make a few experiments 
and remarks upon its wonderful condition as respects ordinary combus- 
tion. I have shown you that the carbon in burning bums only as a solid 
body, and yet you perceive that, after it is burned, it ceases to be a solid. 
There are very few fuels that act like this. It is, in fact, only that great 
source of fuel, the carbonaceous series, the coals, charcoals, and woods, 
that can do it. I do not know that there is any other elementary substance 
besides carbon that bums with these conditions; and if it had not been so, 
what w'ould happen to us? Suppose all fuel had been like iron, which, 
when it bums, bums into a solid substance. We could not then have such 
a combustion as you have in this fire-place. Here also is another kind of 
fuel which bums very \vell — as well as, if not better, than carbon — so 
well, Indeed, as to take fire of itself when it is in the air, as you see 
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[breaking a tube full of lead pyrophorus]. This substance is lead, and you 
see how wonderfully combustible it is. It is very much divided, and is 
like a heap of coals in the fire-place; the air can get to its surface and 
inside, and so it bums. But why does it not bum in that way now, 
when it is lying in a mass? [emptying the contents of the tube in a heap 
on to a plate of iron]. Simply because the air cannot get to it. Though 
it can produce a great heat, the great heat which we want in our fur- 
naces and under our boilers, still that which is produced cannot get away 
from the portion which remains unburaed underneath, and that portion, 
therefore, is prevented from coming in contact with the atmosphere, and 
cannot be consumed. How diflFerent is that from carbon. Carbon burns 
just in the same way as this lead does, and so gives an intense fire in the 
furnace, or wherever you choose to bum it; but then the body produced 
by its combustion passes away, and the remaining carbon is left clear. I 
showed you how carbon went on dissolving in the oxygen, leaving no ash; 
whereas here [pointing to the heap of pyrophorus] we have actually 
more ash than fuel, for it is heavier by the amount of the oxygen which 
has united with it Thus you see the difference between carbon and lead 
or iron: if we choose iron, which gives so wonderful a result in our ap- 
plication of this fuel, either as light or heat. If, when the carbon burnt, 
tlie product went off as a solid body, you would have had the room filled 
with an opaque substance, as in the case of the phosphoms; but when 
carbon bums, everything passes up into the atmosphere. It is in a fixed, 
almost unchangeable condition before the combustion; but afterwards 
it is in the form of gas, which it is very difficult (though we have suc- 
ceeded) to produce in a solid or a liquid state. 

Now, I must take you to a very interesting part of our subject — to the 
relation between the combustion of a candle and that living kind of 
combustion which goes on within us. In every one of us there is a living 
process of combustion going on very similar to that of a candle; and I 
must try to make that plain to you. For it is not merely true in a poetical 
sense — the relation of the life of man to a taper; and if you will follow, 
I think I can make this clear. In order to make the relation very plain, 
I have devised a little apparatus which we can soon build up before you. 
Here is a board and a groove cut in it, and I can close the groove at the 
top part by a little cover. I can then continue the groove as a channel by 
a glass tube at each end, there being a free passage through the whole. 
Suppose I take a taper or candle (we can now be liberal in our use of 
the word “candle," since we understand what it means), and place it in 
one of the tubes; it will go on, you see, burning very well. You observe 
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that the air which feeds the flame passes down the tube at one end, then 
goes along the horizontal tube, and ascends the tube at the other end in 
which the taper is placed. If I stop the aperture through which the air 
enters, I slop combustion, as you perceive. I stop the supply of air, and 
consequently the candle goes out. But, 
now, what will you think of this fact? 

In a former experiment I showed you 
the air going from one burning candle 
to a second candle. If I took the air 
proceeding from another candle, and 
sent it down by a complicated arrange- 
ment into this tube, I should put this 
burning candle out. But what will you 
say when I tell you that my breath will put out that candle? I do not 
mean by blowing at all, but simply that the nature of my breath is such 
that a cand^* ''^nnot burn in it. I will now hold my mouth over the aper- 
ture, and without blowing the flame in any way, let no air enter the 
lube but what comes from my mouth. You see the result. I did not blow 
the candle out. I merely let the air which I expired pass into the aperture, 
and the result was that the light went out for want of oxygen, and tor 
no other reason. Something or other — ^namely, my lungs — had taken away 
the oxygen from the air, and there was no more to supply the combustion 
of the candle. It is, I think, very pretty to see the time it takes before 
the bad air which I throw into this part of the apparatus has reached 

the candle. Tlie candle at first 
goes on burning, but so soon as 
the air has had time to reach it, 
it goes out. And, now, I will show 
you another ex'periraent, because 
this is an important part of oiur 
philosophy. Here is a jar wliich 
contains fresh air, as you can see 
by the circumstance of a candle 
or gas-light burning it. I make it 
dose for a little time, and by 
mc*ans of a pipe I get my mouth 
over it so that I can inhale the air. By putting it over water, in the way 
that you see, I am able to draw up this air (supposing the cork to be quite 
tight), take it into my lungs, and throw it back into the jar. We can then 
examine it, and see the result. You observe, I first take up the air, and 
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then throw it back, as is evident from the ascent and descent of the 
water; and now, by putting a taper into the air, you will see the state in 
which it is, by the light being extinguished. Even one inspiration, you 
see, has completely spoiled this air, so that it is no use my trying to 

breathe it a second time. 
Now, you understand the 
ground of the impropriety 
of many of the arrangements 
among the houses of the 
poorer classes, by which the 
air is breathed over and over 
again, for the want of a sup- 
ply, by means of proper 
ventilation, sufficient to pro- 
duce a good result. You see 
how bad the air becomes by a single breathing; so that you can easily 
understand how essential fresh air is to us. 

To pursue this a little further, let us see what will happen with lime- 
water. Here is a globe which contains a little lin^c-watcr, and it is so ar- 
ranged as regards the pipes, as to give access to the air within, so that 
we can ascertain the effect of respired or unrespired air upon it. Of course, 
I can either draw in air [through a], and so make the air that feeds my 
lungs go through the lime-water, or I can force the air out of my lungs 
through the tube [b], which goes to the bottom, and so show its efft^ct 
upon the lime-water. You will observe that, however long I draw the 
external air into the lime-water, and then through it to my lungs, I shall 
produce no effect upon the water — it will not make the lime-water turbid; 
but if I throw the air from my lungs through the lime-water, sevt^ral 
times in succession, you see how white and milky the water is getting, 
showing the effect which expired air has had upon it; and now you begin 
to know that the atmosphere which we have spoiled by respiration is 
spoiled by carbonic acid, for you see it here in contact with the lime- 
water. 

I have here two bottles, one containing lime-water and the ath(T com- 
mon water, and tubes which pass into the bottles and connect them. 
The apparatus is very rough, but it is useful notwithstanding. If I take 
these two bottles, inhaling here and exhaling there, the arrangement of 
the tubes will prevent the air going backwards. The air coming in 
will go to my mouth and lungs, and in going out, will pass tlirough the 
lime-water, so that I can go on breathing and making an experiment, 
very refined in its nature, and very good in its results. You will ob- 
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serve that the good air has done nothing to the lime-water; in the other 
case nothing has come to the lime-water but my respiration, and you 
see the diflFerence in the two cases. 

Let us now go a little further. 

What is all this process going on 
within us which we cannot do with- 
out, either day or night, which is so 
provided for by the author of all 
things that He has arranged that it 
shall be independent of all will? If 
we restrain our respiration, as we 
can to a certain extent, we should 
destroy ourselves. When we are 
asleep, the organs of respiration, and 
the parts that are associated with 
them, sti’l on with their action — so necessary is this process of respira- 

tion to us, this contact of the air with tlie lungs. I must tell you, in the 
briefest possible manner, what this process is. We consume food; the food 
goes through that strange set of vessels and organs within us, and is 
brought into various parts of the system, into the digestive parts espe- 
cially; and alternately the portion which is so changed is carried through 
our lungs by one set of vessels, while the air that we inhale and exhale is 
drawn into and thrown out of tlie lungs by another set of vessels, so tliat 
the air and the food come close together, separated only by an exceed- 
ingly thin surface: the air can thus act upon the blood by this process, 
producing precisely the same results in kind as we have seen in the case 
of the candle. The candle combines with parts of the air, forming carbonic 
acid, and evolves heat; so in the lungs thc're is tliis curious, wonderful 
change taking place. The air entering, combines witli the carbon ( not car- 
bon in a free slate, but, as in this case, placed ready for action at the 
moment), and makes carbonic acid, and is so tlirown otit into the atmos- 
phere, and thus this singular result takes place: we may thus look upon 
the food as fuel. Let me take that piece of sugar, which will serve my pur- 
pose. It is a TOmpound of carbon, hydrogen, and oxygen, similar to a 
candle, as containing the same elements, though not in the same propor- 
tion — the proportions being as shown in this table: 

Sugar 

Carbon 72 

Hydrogen 111 go 

Oxygen 88 j 

Tliis is, indeed, a very curious thing, which you can well remember, for 
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the oxygen and hydrogen are in exactly the proportions which form 
water, so that sugar may be said to be compounded of 72 parts of carbon 
and 99 parts of water; and it is the carbon in the sugar that combines 
with the oxygen carried in by the air in the process of respiration — so mak- 
ing us like candles — producing these actions, warmth, and far more won- 
derful results besides, for the sustenance of the system, by a most 
beautiful and simple process. To make this still more striking, I will take 
a little sugar; or, to hasten the experiment, I will use some syrup, which 
contains about three-fourths of sugar and a little water. If I put a little oil 
of vitriol on it, it takes away the water, and leaves the carbon in a black 
mass. [The Lecturer mixed the two toffether.] You see how the carbon is 
coming out, and before long we shall have a solid mass of charcoal, all of 
which has come out of sugar. Sugar, as you know, is food, and here we 
have absolutely a solid lump of carbon where you would not have ex- 
pected it. And if I make arrangements so as to oxidize the carbon of sugar, 
we shall have a much more striking result. Here is sugar, and I have 
here an oxidizer — a quicker one than the atmosphere; and so we shall 
oxidize this fuel by a process different from respiration in its form, though 
not different in its land. It is the combustion of the carbon by the contact 
of oxygen which the body has supplied to it. If I set this into action at 
once, you will see combustion produced. Just what occurs in my lungs — 
taking in oxy^gen from another source, namely, the atmospliere — takes 
place here by a more rapid^ process. 

You will be astonished when I tell you what this curious play of 
carbon amounts to. A candle will bum some four, five, six, or seven 
hours. What, then, must be the daily amount of carbon going up into the 
air in the way of carbonic acidi What a quantity of carbon must go 
from each of us in respiration! What a wonderful change of carbon must 
take plac-e under these circumstances of combustion or respiration! A 
man in twenty-four hours converts as much as seven ounces of carbon 
into carbonic acid; a milch-cow will convert seventy ounces, and a horse 
seventy-nine ounces, solely by the act of respiration. That is, tl^e horse in 
twenty-four hours burns seventy -nine ounces of charcoal, or tarbon, in 
his organs of respirationy to supply his natural warmth in that time. All 
the warm-blooded animals get their warmth in this way, by the conver- 
sion of carbon, not in a free state, but in a state of (X)mbination. And 
what an extraordinary notion this gives us of the alterations going 
on in our atmosphere. As muc^h as 5,000,000 pounds, or 548 tons, of car- 
bonic acid is formed by respiration in London alone in twenty-four hours. 
And where docs all this go? Up into the air. If the carbon had been like 
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the lead which I showed you, or the iron which, in burning, produces a 
solid substance, what would happen? Combustion could not go on. As 
charcoal bums, it bectimes a vapour and passes off into the atmosphere, 
which is the great vehicle, the great carrier for conveying it away to 
other places. Then, what becomes of it? Wonderful is it to find that the 
change produced by respiration, which seems so injurious to us (for we 
cannot breathe air twice over), is the very life and support of plants 
and vegetables that grow upon the surface of the earth. It is the same 
also under the surface, in the great bodies of water; for fishes and other 
animals respire upon the same principle, though not exactly by contact 
with the open air. 

Such fish as I have here [poin/mg to a ^lohe of ^old-fish] respire by the 
oxygen which is dissolved from the air by the water, and from carbonic 
acid; and they all move about to produce tlie one great work of making 
the animal and vegetable kingdoms snbsei-\’ient to each otlier. And all 
the plaLls giovM'ng upon the surface of the eartli, like tliat which I have 
brought here to serve as an illustration, absorb carbon. 1'hese leaves are 
taking up their carbon from the atmosphere, to whicli we have given it in 
the form of carbonic acid, and they are growing and prospering, (uve 
them a pure air like ours, and they could not live in it; give them 
carbon with other matters, and they live and rejoice. This pierce of wood 
g('ts all its carbon, as the trees and plants g('t tlu*irs, from the atmosphe're, 
wliich, as we have seen, (‘arries away what is bad for us and at the same 
time good for them — what is disease* to the one being health to the 
other. So are we made dependent, not merely upon our fellow-crea- 
tures, but upon our fellow-existers, all Nature l>eing tied together bv the 
laws that make one part conduce to the good of another. 

nicrc is anotht'r little point wliich I must mention before we draw to 
a close — a point which concerns the whole of these operations, and most 
curious and beautiful it is to see it clustering upon and associated with 
the bodies that concern us — owgen, hydrogen, and carbon, in different 
states of their existence. I showed you just now some powdered lead, 
which I set burning; and you saw that the moment the fuel was brought 
to the air, it acted, even before it got out of the bottle — the moment the 
air (*r(*pt in, it acted. Now, there is a case of chemical affinity by which 
all our operations proc«*ed. When we breathe, the same operation is go- 

18. I.,cad pyrophonis is made hv heating dry tartrate ef lead in a glass tube ( closed at 
one end, and drawn out to a fine point at tlie other) until no nu>re vanoiirs .ire 
evolved. Ibo opf'ii end of the tube is then to he sealed before the biow-pipe. 
When the tube is broken and tlic eontents .shaken out into the air, they bum with a 
rtxl flash. 
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ing on within us. When we burn a candle, the attraction of the diflFerent 
parts one to the other is going on. Here it is going on in this case of the 
lead; and it is a beautiful instance of chemical affinity. If the products 
of combustion rose oflF from the surface, the lead would take fire, and go 
on burning to the end; but you remember that we have this difference 
between charcoal and lead — that, while the lead can start into action at 
once, if there be access of air to it, the carbon will remain days, weeks, 
months, or years. The manuscripts of Hercnilaneum were written with 
carbonaceous ink, iind there they have been for 1,800 years or more, not 
having been at all changed by the atmosphere, though coming in con- 
tact with it under various circumstances. Now, what is the circumstance 
which makes the lead and carbon differ in this respect? It is a striking 
thing to see that the matter which is appointed to serve the purpose of 
fuel xoaits in its action: it does not start off burning, like the lead and many 
other things that I could show you, but which I have not encumbered the 
table with; but it waits for action. This waiting is a curious and wonder- 
ful tiling. Candles — those Japanese candles, for instance — do not start 
into action at once, like the lead or iron ( for iron finely diWded does the 
same thing as lead), but there they wait for years, perhaps for ages, 
without undergoing any alteration. I have here a supply of cxial-gas. The 
jet is giving forth the gas, but you see it docs not take fire— ;it comes out 
into the air, but it waits till it is hot enough before it bums. If I make it 
hot enough, it takes fire. If Tblow it out, the gas that is issuing forth waits 
till the light is applied to it again. It is curious to see how diffcnmt sub- 
stances wait — ^how some will wait till the temperature is raised a little, 
and others till it is raised a good deal. I have here a little gunpowder and 
some gun-cotton; even these things differ in the conditions under which 
they will bum. The gunpowder is composed of carbon and otlicr sub- 
stances, making it highly combustible; and the gun-cotton is another com- 
bustible preparation. They are both waiting, but they will start into ac- 
tivity at different degr»ies of heat, or under different conditions. By apply- 
ing a heated wire to them, we shall see which will start first [toaching the 
gun-cotton with the hot iron]. You see the gun-cotton has gone off, but 
not even the hottest part of the wire is now hot enough to fi^e the gun- 
powder. How beautifully that shows you the difference in the degree in 
which bodies act in this wayl In the one case the substance vrill wait 
any time until the associated bodies are made active by heat; but in the 
other, as in the process of respiration, it waits no time. In the lungs, as 
soon as the air enters, it unites with the carbon; even in the lowest 
temperature which the body can bear short of being frozen, the action 
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begins at once, producing the carbonic acid of respiration: and so all 
things go on fitly and properly. Thus you see the analogy between respira- 
tion and combustion is rendered still more beautiful and striking. Indeed, 
all I can say to you at the end of these lectures (for we must come to an 
end at one time or other) is to express a wish that you may, in your gen- 
eration, be fit to compare to a candle; that you may, like it, shine as light 
to those about you; that, in all your actions, you may justify the beauty 
of the taper by making your deeds honourable and effectual in the dis- 
charge of your duty to your fellow-men. 



Dmitri Mendeleev 


1834-1907 


JD mitri Ivanovich Mendeleev (or Mendeleyev) was the youngest 
of seventeen children. He was bom at Tobolsk, Siberia, in 1834. He 
studied science at St. Petersburg, where he graduated in chem- 
istry. He studied further abroad with Regnault and Bunsen, inventor 
of the famous burner. He was made professor of chemistry at the 
University of St. Petersburg, but in 1890 he resigned the position 
to become Director of the Bureau of Weights and Measures. 
There he remained until his death. 

His best known work was on the periodic law of the elements, but 
he did important research in many branches of chemistry. He studied 
the nature of solutions and investigated the expansion of liquids 
when heated. He studied the origins of petroleum, and he specu- 
lated on the nature of the ether, that will-o’-the-wisp of nineteenth- 
century physics. He wrote The Principles of Chemistry in 1868-70. 
It is a standard work which has gone through many editions in a 
number of languages. The following selection is often printed as an 
appendix. 

Mendeleev was also one of the great teachers of his time. His 
lecture room was always crowded. Many of his auditors found it 
difBcult to keep up with him. The subject was diflRcult, his reasoning 
tight; he wasted no words. These are characteristics of the selection 
that follows. Yet it was said that all of his listeners gained from him 
“a lesson in scientific thinking." He died in St. Petersburg in 1907. 

The atomic theory was first proposed by such ancient writers as 
Democritus and Lucretius. Dalton, the English chemist, revived it in 
the 18th century to explain chemical reactions. In the beginning of 
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the 19th century, the distinction between chemical elements — 
that is, substances which could not be broken down into com- 
ponents — and compounds became clear. But the atomic hypothesis 
was not enough in itself. Given a group of apparently unrelated 
chemical elements, it was desirable to put them in some sort of 
order. Many men tried to do this, but Mendeleev was the first to 
suggest an adequate arrangement. 

He describes the “three series of data without the knowledge of 
which the periodic law could not have been discovered.” None of 
these was gathered by Mendeleev. His effort was synthetic rather 
than analytical. The periodic law was, he says, “a direct outcome of 
the stock of generalizations and established facts which had ac- 
cumulated by . . . 1870.” Still, the law was a very great discovery. 
Why was this so? And why was Mendeleev’s formulation of the re- 
lation between the elements preferred to those that had gone before? 

Mendeleev lists eight considerations which led him to propose the 
law. The sixth is the most important. He was able to predict 
that elements of a certain weight would be found, though they were 
not yet known. On his hypothesis, he predicted the existence, 
and a number of the properties, of elements which he called eka- 
boron, eka-aluminum, eka-silicon, eka-manganese, dvi-manganese 
and eka-tantalum. (“Eka” means “one,” “dvi” means “two.” Thus 
the words are in effect like mathematical subscripts.) These hy- 
pothetical elements were soon discovered: they are now called, 
respectively, scandium, gallium, germanium, technetium, rhenium, 
and protactinium. Mendeleev’s hypothesis was thus triumphantly 
validated. 

It was recognized after Mendeleev’s death, due to the work of such 
men as Planck, Einstein, Bohr, and otliers, that the order of 
elements in the periodic table corresponds to their atomic numbers, 
and that these in turn depend on tlie number of protons in the 
atomic nuclei. But this new knowledge has not contradicted the old 
law; in fact, it has increased its value. The periodic law, the genesis 
of which is described in tliis selection, is one of the fimdamentals 
of modern science. 



The Genesis of a Law of Nature 

from The Periodic Law 
of the Chemical Elements 


efore one of the oldest and most powerful of ( scientific socie- 
ties ) I am about to take the liberty of passing in review the 20 years’ life 
of a generalization which is known under the name of the Periodic Law. 
It was in March, 1869, that I ventured to lay before the then youthful Rus- 
sian Chemical Society the ideas upon the same subject which I had ex- 
pressed in my just written Principles of Chemistry. 

Without entering into details, I will give the conclusions. I then anived 
at in the very words 1 used: 

1. The elements, if artanged according to their atomic weights, ex- 
hibit an evident periodicity of propCTties. 

2. Elements which are similar as regards their chemical properties 
have atomic weights which are either of nearly the same value ( e.g. plat- 
inum, iridium, osmium ) or which increase regularly ( e.g. potassium, ru- 
bidium, caesium). 

3. The arrangement of the elements, or of groups of elements, in 
the order of their atomic weights, corresponds to their so-called 
valencies as well as, to some extent, to their distinctive chemical prop- 
erties— as is apparent, among other series, in that of lithium, beryllium, 
barium, carbon, nitrogen, oxygen, and iron. 

4. The elements which are the most widely diEused have small 
atomic weights. 

5. The magnitude of the atomic weight determines the character of 
the element, just as the magnitude of the molecule determines the char- 
acter of a compound. 

6. We must expect the discovery of many yet unknown elements — 
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for example, elements analogous to aluminium and silicon, whose 
atomic weight would be between 65 and 75. 

7. The atomic weight of an element may sometimes be amended by a 
knowledge of those of the contiguous elements. Thus, the atomic 
weight of tellurium must lie between 123 and 126, and cannot be 128. 

8. Certain characteristic properties of the elements can be foretold 
from their atomic weights. 

The aim of this communication will be fully attained if I succeed in 
drawing the attention of investigators to those relations which exist be- 
tween the atomic weights of dissimilar elements, which, as far as I know, 
have hitherto been almost completely neglected. I believe that the so- 
lution of some of the most important problems of our science Ues in 
researches of this kind. 

To-day, twenty years after the above conclusions were formulated, 
they may suil be considered as expressing the essence of the now well- 
known periodic law. 

Reverting to the epoch terminating with the sixties, it is proper to 
indicate three series of data without the knowledge of which the periodic 
law could not have been discovered, and wliich rendered its appear- 
ance natinal and intelligible. 

In the first place, it was at that time that the numerical value of atomic 
weights became definitely known. Ten years earlier such knowledge did 
not exist, as may be gathered from the fact that in i860 chemists from 
all parts of the world met at Karlsruhe in order to come to some agree- 
ment, if not with respect to views relating to atoms, at any rate as re- 
gards their definite representation. Many of those present probably re- 
member how vain were the hopes of coming to an understanding, tmd 
how much ground was gained at that congress by the followers of the 
unitary theory so brilliantly represented by Cannizzaro. I vividly re- 
member tlie impression produced by his speeches, which admitted of 
no compromise, and seemed to advocate truth itself, based on the con- 
ceptions of Avogadro, Gerhardt, and Regnault, which at tliat time were 
far from being generally recognized. And though no understanding 
could be arrivcxl at, yet the objects of the meeting w’ere attained, for the 
ideas of Cannizzaro proved, after a few years, to be the only ones which 
could stand criticism, and wliich represented an atom as — ^**the small- 
est portion of an element which enters into a molecule of its compound." 
Only such real atomic weights — not c*onventional ones— could af- 
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ford a basis for generalization. It is sufficient, by way of example, to in- 
dicate the following cases in which the relation is seen at once and is 
perfectly clear: 

K =39 Rb=85 Cs = 133 

Ca = 40 Sr = 87 Ba = 137 


whereas with the equivalents then in use — 

K = 39 Rb =85 Cs = 133 

Ca = 20 Sr = 43.5 Ba = 68.5 


the consecutiveness of change in atomic weights, which with the 
true values is so evident, completely disappears. 

Secondly, it had become evident during the period 1860-70, and even 
during the prec'eding decade, that the relations between the atomic 
weights of analogous elements were governed by some gencTal and sim- 
ple laws. Cooke, Cremers, Gladstone, Grncdin, Lenssen, PettenkobT, and 
especially Dumas, had already established many facts bearing on that 
view. Thus Dumas compared the following groups of aiicdogoiis ele- 
ments with organic radicals: 
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and pointed out some really striking relationships, such as the following: 
F =19 

Cl = 35.5 = 19 + 16.5 

Br = 80 = 19 + (2 X 16.5) + 28 

I = 127 = (2 X 19) -f (2 X 16.5) + (2 X 28). 

A. Strecker, in his work Theorien und Experimente zur Bestimmung 
der Atomgewichte der Elemente (Braunschweig, 1859), after summariz- 
ing the data relating to the subject, and pointing out the remarkable 
series of equivalents — Cr = 26.2 Mn = 27.6 Fe = 28 Ni = 29 
Co = 30 Cu = 31.7 Zn = 32.5 

remarks that: “It is hardly probable that all the above-mentioned rela- 
tions between the atomic weights (or equivalents) of chemically analo- 
gous elements are merely accidental. We must, however, leave to the 
future the discovery of the law of the relations which appear in 
these figures.” 

In such aiiempts at arrangement and in such views are to be recog- 
nized the real forerunners of the periodic law; the ground was prepared 
for it between i860 and 1870, and that it was not expressed in a deter- 
minate form before the end of the decade may, I suppose, be ascribed 
to the fact that only analogous elements had been compared. The idea 
of seeking for a relation between the atomic weights of all elements was 
foreign to the ideas then current, so that neither the vis tellurique 
[telluric screw] of De Chancourtois, nor the law of octaves of Newlands, 
could secure anybody's attention. And yet both De Chancourtois and 
Newlands, like Dumas and Strecker, more than Lenssen and Petten- 
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kofer, had made an approach to the periodic law and had discovered its 
germs. The solution of the problem advanced but slowly, because the 
facts, and not the law, stood foremost in all attempts; and the law 
could not awaken a general interest so long as elements, having no ap- 
parent connection with each other, were included in the same octave, 
as for example: 

1st octave of Newlands H F Cl Co and Ni Br Pd I Pt & Ir 

7th ditto O S Fe Se Rh & Ru Te An Os or Th 

Analogies of the above order seemed quite accidental, and the more so 
as the octave contained occasionally ten eleintmts instead of eight, and 
when two such elements as Ba and V, Co and Ni, or Rh and Ru, occupied 
one place in the octave. Nevertheless, the fruit was ripening, and I 
now see clearly that Strccker, De Chancourtois, and Newlands stood fore- 
most in the w^ay towards the discovery of the periodic law, and that 
they merely wanted the boldness necessary to place the whole (juestion at 
such a height that its reflection on the facts could be clearly S(*cn. 

A third circumstance which revealed the periodicity of chemical ele- 
ments was the accumulation, by the end of the sixties, of new information 
respecting the rare elements, disclosing their many-sided relations to the 
other elements and to each otlier. llie researches of Marignac on niobium, 
and those of Roscoe on vanadium, were of special moment The striking 
analogies between vanadium and phosphorus 011 the one hand, and be- 
tween vanadium and chromium on the other, wliich became so apparent 
in the investigations connected with that element, naturally induced the 
comparison of V = 51 with Cr = 52, Nb ~ 91 with Mo 96, and 
Ta = 192 with W = 194; while, on the other hand, P ~ 31 could be com- 
pared with S = 32, As = 75 with Se = 79, and Sb — 120 with To — 125. 
From such approximations there remained but one stop to the discovery 
of the law of periodicity. 

The law of periodicity was thus a direct outcome of the stock of gen- 
eralizations and established facts which had accumulated by the end of 
die decade 1860-1870; it is the embodiment of those data in a more or 
less systematic expression. 


The foregoing is a selection from the Faraday luecture 
delivered before the Felhws of the Chemical Society 
at the Royal Institution, June 4, iSHg. 



H. L. F. von Helmholtz 

1821-1894 


I Icrmann Ludwig Ferdinand von Ilelmholt/. was bom at Pots- 
dam, Germany, in 1821. He studied at Berlin and held various pro- 
fessorship*' at Potsdam, Konigsberg (in physiology), Bonn (in 
anatomy and physiology), Heidelberg (in physiology h and Berlin 
( in physics ) . lie was named director of the Physicotechnical Insti- 
tute at Charlottenburg, near Berlin, 1887, and held this position as 
well as his Berlin professorship until his death. 

Helmholtz did work in most areas of nineteenth-century science. 
In this respect, he was remarkable even in an age when many scien- 
tists ranged much more widely in their researches than they now do. 
His most important early paper was on the conservation of energy; 
tlie essay that follows is a popuUu- exposition of some of the con- 
clusions described therein. In 1851 he invented tht ophthalmoscope, 
and with it investigated the mechanism of sight. He collected his 
researches in a hook, Phtjsiolo^ical Ojrtics (1856-66), which was 
the most important work on the physics of vision to have appeared 
until that time. He tlicn turned his attention to acoustics. He ex- 
plained the mechanism of the car and attempted to account for our 
sensations of tone. He showed that these depend on the order, num- 
lier and intensity of tlie overtones, or hannonics, which constitute a 
part of the stmeture of musical notes. His book The Sensations of 
Tone (1862) is said to he the principia of physiological acoustics. 

In his later years, Helmholtz did work on the conservation of 
energy, hydrodynamics, electrodynamics, meteorology, optics, and 
the abstract princi^des of dynamics. He also wrote and lectured on 
philo.sophical and aesthetic problems. He died on September 8, 1894. 

The mathematician W. K. Clifford paid tribute to Helmholtz for 
his remarkable ability to make important contributions in fields far 
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removed from that of his own special competence. Helmholtz was, 
ClifiFord wrote, "the physiologist who learned physics for the sake of 
his physiology, and mathematics for the sake of his physics, and is 
now in the first rank of all three.” 

The title of the following very famous essay is a little misleading. 
Helmholtz is here not writing primarily of force but of eneigy, or 
work. Work is the product of a force times the distance over which 
the force acts. The modern term for this quantity is kinetic energy, 
and the modem title of the essay would be “The Conservation of 
Energy.” 

“The total quantity of all the forces capable of work in the whole 
universe remains eternal and unchanged throughout all their 
changes,” writes Helmholtz. This is the famous law of the conseiva- 
tion of energy, the so-called first law of themiodynamics. The rela- 
tion of this law to the second law of theimodynamics, and entropy, 
is discussed in The Running-down of the Universe, by A. S. 
Eddington. 

Helmholtz’ researches into the nature of energy conversion were 
of prime importance. When he was a young doctor, the prevailing 
biological theory was vitalism.^ Helmholtz came to the conclusion 
that vitalism must violate natural laws, because the vital force did 
not require any energy, and its operation seemed to him to imply 
perpetual motion. He decided that the question consisted in 
whether the force — the sum of the mechanical energy plus heat — 
produced by an organism was or was not solely the result of the 
digestion of foods by the organism. lie concluded that the cpiestion 
must be answered in the affinnative. He collected his researches in 

^ For a discussion of vitalism see the Introdiictoiy note to Wohler's On ihr Ariijxfial 
Production of Urea, Vol 8, pp 310-311, in this set, and C’laude Befuiui, Experi- 
mental Constderaltom Common to Living Things and to Inorganic Bodteb, V'ol. 8, 
pp 266-290, in this set. 


Notes from the artist: **The profile of Helmholtz is enclosed 
hij some of the instruments he used in hi& sfudtf of sound 
Also included are the ophthalmoscope, which he invented, 
and a diagram of the bony cochlea of the ear/* 
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the early paper. On the Conservation of Force ( 1847), which is the 
source of the following essay. 

Helmholtz’ work was not entirely original. Eighteenth-century 
physicists such as Bernoulli, Euler, d’Alembert, and La Grange had 
extended the principle of the conservation of energy from simple 
machines to the actions of all mechanical systems in the universe. 
Helmholtz gives credit to Rumford and Davy, and especially to 
Robert Mayer and Joule, for their extension of it to hving beings. 
But Helmholtz' paper had a great influence. After its publication, 
the principle gained wider and wider acceptance. In particular, it 
went far toward convincing physicists that perpetual motion was 
impossible. And the popular essays which Helmholtz subsequently 
wrote on this subject helped laymen and scientists alike to under- 
stand the change to the new mechanical theory of heat from the 
older caloric theory — ^the idea that heat was a substance. This 
change in theories is discussed by Einstein and Infeld in “The 
Rise and Decline of Classical Physics.” * 

Max Planck in his Scientific Autobiography recalled that Helm- 
holtz was a disappointing classroom lecturer. To others, however, 
and later even to Planck, who became his colleague at Berlin, he was 
a superior teacher. And Helmholtz took seriously the .task of inter- 
preting science to the general public, for he was disturbed by the 
split, which has perhaps grown even wider since his time, be- 
tween scientists and what are now called humanists. He was a clear 
and patient writer, and he searched his mind for interesting and 
illuminating examples which would be meaningful to his readers. 
These virtues, which are by no means shared by all writers of 
popular scientific exposition, are much in evidence in the following 
selection. 


* See Vol. 8, pp. 490-560, m this set. 



On the Conservation 
of Force 

s I have undertaken to deliver here a series of lectures, I 
think the best way in which I can discharge that duty will be to bring 
before by means of a suitable example, some view of the special 
character of those sciences to the study of which I have devoted my- 
self. The natural sciences, partly in consequence of their practical appli- 
cations, and partly from their intellectual influence on the last four 
cenliuies, have so profoundly, and with such increasing rapidity, trans- 
formed all the relations of the life of civilized nations; they have given 
these nations such increase of riches, of enjoyment of life, of the preser- 
vation of health, of means of industrial and of social intercourse, and 
even such increase of political power, that every educated man who 
tries to understand the forces at work in the world in which he is 
living, even if he does not wish to enter upon the study of a special sci- 
ence, must have some interest in that peculiar kind of mental labor, 
which works and acts in the sciences in question. 

On a former occjision I have already discussed the characteristic dif- 
ferences which exist between the natural and tlie mental sciences as re- 
gards the kind of scientific work. I then endeavored to show that it is 
more especially in the thorough conformity with law wliich natural 
phenomena and natural products exliibiL, and in the comparative ease 
with which Laws can be stated, that this diflFerenc'e exists. Not that I 
wish by any means to deny, that the mental life of individuals and peo- 
ples is also in conformity with law, as is the object of pliilosophical, 
philological, historical, moral, and social sciences to establish. But in 
mental life, the influences are so interwoven, that any definite sequence 
can but seldom be demonstrated. In nature the converse is the case. It 
has been possible to discover the law of tlie origin and pn^gress of 
many enormously extended series of natvu^al phenomena with such ao- 
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curacy and completeness that we can predict their future occurrence 
with the greatest certainty; or in cases in which we have power over the 
conditions under which they occur, we can direct them just according to 
our will. The greatest of all instances of what the human mind can efiFect 
by means of a well-recognized law of natural phenomena is that afforded 
by modem astronomy. The one simple law of gravitation regulates the 
motions of the heavenly bodies not only of our own planetary system, 
but also of the far more distant double stars; from which, even the ray of 
light, the quickest of all messengers, needs years to reach our eye; and, 
just on accoimt of this simple conformity with law, the motions of the 
bodies in question can be accurately predicted and determined both for 
the past and for future years and centuries to a fraction of a minute. 

On this exact conformity with law depends also the certainty with 
which we know how to tame the impetuous force of steam, and to make 
it the obedient servant of our wants. On this conformity depends, more- 
over, the intellectual fascination which chains the physicist to his sub- 
jects. It is an interest of quite a different kind to that which mental and 
moral sciences afford. In the latter it is man in the various phases of 
his intellectual activity who chains us. Every great deed of which his- 
tory tells us, every mighty passion which art can represent, every pic- 
ture of manners, of civic arrangements, of the culture -f)f peoples of 
distant lands or of remote times, seizes and interests us, even if there is 
no exact scientific connection among them. We continually find points 
of contact and comparison in our conceptions and feelings; we get to 
know the hidden capacities and desires of the mind, which in the ordi- 
nary peaceful course of civilized life remain unawakened. 

It is not lo be denied that, in the natural sciences, this kind of in- 
terest is wanting. Each individual fact, taken by itself, can indeed 
arouse our curiosity or our astonishment, or be useful to us in its practi- 
cal applications. But intellectual satisfaction we obtain only from a 
connection of the whole, just from its conformity with law. Reason we 
call that faculty innate in us of discovering laws and applying them with 
thought. For the unfolding of the peculiar forces of pure renson in their 
entire certainty and in their entire bearing, there is no more suitable 
arena than inquiry into nature in the wider sense, the mathematics in- 
cluded. And it is not only the pleasure at the successful activity of one 
of our most essential mental powers; and the victorious subjections to 
the power of our thought and will of an external world, partly un- 
familiar, and partly hostile, which is the reward of this labor; but there is 
a kind, I might almost say, of artijtic satisfaction, when we are able to 
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survey the enormous wealth of nature as a regularly ordered whole — a 
cosmos, an image of the logical thought of our own mind. 

ITie last decades of scientific development have led us to the recogni- 
tion of a new universal law of all natural phenomena, which, from its 
extraordinarily extended range, and from the connection which it con- 
stitutes between natural phenomena of all kinds, even of the remotest 
limes and the most distant places, is especially fitted to give us an idea 
of what I have described as the character of the natural sciences, 
whicli I have chosen as the subject of this lecture. 

lliis law is the law of the conservation of force, a term the meaning 
of which I must first explain. It is not absolutely new; for individual do- 
mains of natural phenomena it was enunciated by Newton and Daniel 
B(Tnoulli; and Rumford and Humphry Davy have recognized distinct 
features of its presence in the laws of heat. 

The possibility that it was of universal application was first stated 
by Dr. Julius Robert Mayer, a Schwabian physician (now living in 
lU'ilbronn), in the year 1842, while almost simultaneously with, and in- 
dependently of him, James Prescott Joule, an English manufacturer, 
made a series of important and difficult experiments on the relation of 
heat to mechanical force, which supplied the chief points in which 
tht' comparison of the new theory with experience was still wanting. 

The law in (jiiestion asserts that the quantitfi of force which can be 
brouejit into action in the whole of nature is urxchangeable, and can nei- 
ther be increased nor diminished. My first object will be to explain to 
you what is understood by quantihf of force; or, as the same idea is 
more popularly exprossi'd with reference to its technical application, 
what we call amount of work in the mechanical sense of the word. 

llje idea of work for machines, or natural processes, is taken from 
comparison with the working power of man; and we can therefore best 
illustrate from human labor the most important features of the ques- 
tion with which we are ('oncerned. In speaking of the work of machines 
and of natural forces we must, of c'ourse, in this comparison eliminate 
anything in which activity of intelligence comes into play. The latter is 
also capable of the hard and intense work of tliinking, which tries a man 
just as muscular ex(Ttion does. But whatever of the actions of intelli- 
gence is met with in the work of machines, of course is due to the mind 
of the c'onstnu'tor and cannot be assigned to the instrument at work. 

Now, the external work of man is of the most varied kind as regards 
the force or ease, the fonn and rapidity, of the motions used on it, and 
the kind of work produced. But both the arm of the blacksmith who 
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delivers his powerful blows with the heavy hammer, and that of the 
violinist who produces the most delicate variations in sound, and the hand 
of die lace-maker who works with threads so fine that they are on the 
verge of the invisible, all these acquire the force which moves them in 
the same manner and by the same organs, namely, die muscles of the 
arms. An arm the muscles of which are lamed is incapable of doing any 
work; the moving force of the muscle must be at work in it, and these 
must obey the nerves, which bring to them orders from the brain. That 
member is dien capable of the greatest variety of motions; it can compel 
the most varied instruments to execute the most diverse tasks. 

Just so it is with machines: they are used for the most diversified ar- 
rangements. We produce by their agency an infinite variety of move- 
ments, with the most various degrees of force and rapidity, from pow- 
erful steam hammers and rolling mills, where gigantic masses of iron are 
cut and shaped like butter, to spinning and weaving frames, the work of 
which rivals that of the spider. Modem mechanism has the richest 
choice of means of transferring the motion of one set of rolling wheels 
to another with greater or less velocity; of changing the rotating motion 
of wheels into the up-and-down motion of the piston rod, of the shuttle, 
of falling hammers and stamps; or, conversely, of changing the latter 
into the former; or it can, on the other hand, cliange«movements of 
uniform into those of varying velocity, and so forth. Hence this extraordi- 
narily rich utility of machines for so extremely varied branches of in- 
dustry. But one thing is common to all these differences; they all need 
a moving force, which sets and keeps them in motion, just as the works 
of the human hand all need the moving force of the muscles. 

Now, the work of the smith requires a far greater and more intense 
exertion of the muscles than that of the violin player; and there are in 
machines corresponding differences in the power and duration of the 
moving force required. These differences, which correspond to the dif- 
ferent degree of exertion of the muscles in human labor, are alone 
what we have to think of when we speak of the amount of work of a 
machine. We have notliing to do here with the manifold character of 
the actions and arrangements which the machines produce; we are 
only concerned with an expenditure of force. 

This very expression which we use so fluently, "expenditure of 
force,*’ which indicates that the force applied has been expended and lost, 
leads us to a further characteristic analogy between the effects of the 
human arm and those of machines. The greater the exertion, and the 
longer it lasts, the more is the arm tired, and the more is the store of its 
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moving force for the time exhausted. We shall see that this peculiarity 
of becoming exhausted by work is also met with in the moving forces 
of inorganic nature; indeed, that this capacity of the human arm of being 
tired is only one of the consequences of the law with which we are 
now concerned. When fatigue sets in, recovery is needed, and this can 
only be effected by rest and nourishment. We shall find that also in the 
inorganic moving forces, when their capacity for work is spent, there is 
a possibility of reproduction, although in general other means must 
be used to this end than in the case of the human arm. 

From the feeling of exertion and fatigue in our muscles, we can form 
a general idea of what we understand by amount of work; but we must 
endeavor, instead of the indefinite estimate afforded by this comparison, 
to form a clear and precise idea of the standard by which we have to 
measure the amount of work. This we can do better by the simplest 
inorganic moving forces than by the actions of our muscles, which are 
a very complicated apparatus, acting in an extremely intricate 
manner. 

Let us now consider that moving force which we know best, and 
which is simplest — gravity. It acts, for example, as such in those clocks 
which are driven by a weight. This weight, fastened to a string, which 
is wound round a pulley connect<'d with the first toothed wheel of the 
clock, cannot obey the pull of gravity wthout setting the whole clock- 
work in motion. Now I must beg you to pay special attention to the fol- 
lowing points: the weight cannot put the clock in motion without itself 
sinking; did the weight not move, it c'ould nut move the clock, and its mo- 
tion can only be such a one as obeys the action of gravity. Hence, if 
the clock is to go, the weight must continually sink lower and lower, 
and must at length sink so far that the string which supports it is run 
out. The clock then stops. The usual effect of its weight is for the present 
exhausted. Its gravity is not lost or diminished; it is attracted by the earth 
as before, but the capacity of this gravity to produce the motion of 
tho clockwork is lost. It can only keep the weight at rest in the low- 
est point of its path, it cannot farther put it in motion. 

But we can wind up the clock by the power of the arm, by which the 
weight is again raised. When this has been done, it has regained its 
foimtT capacity, and can again set the clock in motion. 

We learn from this that a raised weight possesses a nwving force, but 
that it must necessarily sink if this force is to act; that by sinking, this 
moving force is exliausted, but by using another extraneous moving 
force — that of the arm — its activity can be restored. 
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The work which the weight has to perform in driving the clock 
is not indeed great. It has continually to overcome the small resist- 
ances which the friction of the axles and teeth, as well as the resistance 
of the air, oppose to the motion of the wheels, and it has to furnish the 
force for the small impulses and sounds which the pendulum produces 
at each oscillation. If the weight is detached from the clock, the pendu- 
lum swings for a while before coming to a rest, but its motion becomes 
each moment feebler, and ultimately ceases entirely, being gradually 
used up by the small hindrances I have mentioned. Hence, to keep the 
clock going, there must be a moving force, which, though small, must be 
continually at work. Such a one is the weight. 

We get, moreover, from this example, a measure for the amount of 
work. Let us assume that a clock is driven by a weight of a pound, 
which falls five feet in twenty-four hours. If we fix ten such clocks, each 
with a weight of one pound, then ten clocks will be driven twenty- 
four hours; hence, as each has to overa>me the same resistances in the 
same time as the others, ten times as much work is performed for ten 
pounds fall through five feet. Hence, we conclude that the height of the 
fall being the same, the work increases directly as the weight. 

Now, if we increase the length of the string so that the weight nins 
down ten feet, the clock will go two days instead of one; and, with 
double the height of fall, the weight will overcome on the second day 
the same resistances as on -the first, and will therefore do twice as much 
work as when it can only run down five feet. The weight being the 
same, the work increases as the height of fall. Hence, we may take the 
product of the w^eight into the height of fall as a measure of work, at 
any rate, in the present case. The application of this measure is, in fact, 
not limited to the individual case, but the universal standard adopted in 
manufactures for measuring magnitude of work is a foot-pound — that is, 
the amount of work which a pound raised through a foot can produce.' 

We may apply this measure of work to all kinds of inacliines, for we 
should be able to set them all in motion by means of a weight sufficient 
to turn a pulley. We could thus always express the magnitude of any 
driving force, for any given machine, by the magnitude and height of 
fall of such a weight as would be necessary to keep the miichine going 
with its arrangememts until it had performed a certain work. Hence 
it is that the measurement of work by foot-pounds is universally apphea- 


1. Tills is the technUal measure of work, to convert it into scientific measure it must 
be multiplied by the intensity of gravity 
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ble. The use of such a weight as a driving force would not indeed be 
practically advantageous in those cases in which we were compelled 
to raise it by the power of our own arm; it would in that case be sim- 
pler to work the machine by the direct action of the arm. In the clock 
we use a weight so that we need not stand the whole day at the clock- 
work, as we should have to do to move it directly. By winding up the 
clock we accumulate a store of working capacity in it, which is suflS- 
cient for the expenditure of the next twenty-four hours. 



Fig. 1 


The case is soincwlmt different when nature herself raises the weight, 
which then works for us. She does not do this with solid bodies, at least 
not wdth such regularity as to be utilized; but she does it abundantly 
with water, which, being raised to the tops of mountains by mett'orologi- 
cal processes, returns in streams from them. The gravity oi water we use 
as moving force, the most direct application being in what are called 
overshot wheels, one of which is represented in Fig. i. Along the circum- 
ference of such a wheel are a series of buckets, which act as receptacles 
for the water, and, on the side turned to the observer, have the tops 
uppermost; on the oj^posite side the tops of the buckets are upside 
down. ITie water flows at M into the buckets of the front of the wheel, 
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and at F, where the mouth begins to incline downwards, it flows out* 
The buckets on the circumference are filled on the side turned to the 
observer, and empty on the other side. Thus the former are weighted 
by the water contained in them, the latter not; the weight of the water 
acts continuously on only one side of the wheel, draws this down, and 
thereby turns the wheel; the other side of the wheel offers no resistance, 
for it contains no water. It is thus the weight of the falling water which 
turns the wheel, and furnishes the motive power. But you will at once 
see that the mass of water which turns the wheel must necessarily fall in 
order to do so, and that though, when it has reached the bottom, it 
has lost none of its gravity, it is no longer in a position to drive the 
wheel, if it is not restored to its original position, either by the power of 
the human arm or by means of some other natural force. If it can flow 
from the mill stream to sHll lower levels, it may be used to work other 
wheels. But when it has reached its lowest level, the sea, the last re- 
mainder of the moving force is used up, which is due to gravity — that 
is, to the attraction of the earth, and it cannot act by its weight until 
it has been again raised to a high level. As this is actually cffecttxl by 
meteorological processes, you will at once observe tliat these are to 
be considered as sources of moving force. 

Water power was the first inorganic force which man learned to use in- 
stead of his own labor or of that of domestic animals. According to Strabo, 
it was known to King Mithridates of Pontus, who was also othervdse cele- 
brated for his knowledge of nature; near his palace there was a water 
wheel. Its use was first introduced among the Romans in the time of the 
first emperors. Even now we find water mills in all mountains, valleys, or 
wherever there are rapidly flowing regidarly filled brooks and streams. 
We find water power used for all purposes which can possibly be effected 
by machines. It drives mills which grind com, sawmills, hammers and oil 
presses, spinning frames and looms, and so forth. It is the cheapest of 
aU motive powers, it flows s'pontaneously from the inexhaustible stores of 
nature; but it is restricted to a particular place, and only in fnountainous 
countries is it present in any quantity; in level countries extensive reser- 
voirs are necessary for damming the rivers to produce any amount of wa- 
ter power. 

Before passing to the discussion of other motive forces I must answer 
an objection which may readily suggest itself. We all know that there 
are numerous machines, systems of pulleys, levers and cranes, by the 
aid of which heavy burdens may be lifted by a comparatively small ex- 
penditure of force. We have all of us often seen one or two workmen 
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hoist heavy masses of stones to great heights, which they would be quite 
unable to do directly; in like manner, one or two men, by means of a 
crane, can transfer the largest and heaviest chests from a ship to the quay. 
Now, it may be asked, If a large, heavy weight had been used for driving 
^ machine, would it not be very easy, by means of a 
crane or a system of pulleys, to raise it anew, so that it 
L could again be used as a motor, and thus acquire mo- 

^ ^ tive power, without being compelled to use a corre- 

^ 'Jk spending exertion in raising the weight? 

^ * The answer to this is, that all these machines, 

^ in that degree in which for the moment they fa- 

I i a I ^ cilitate the exertion, also prolong it, so tliat by their 

J ; I i ; help no motive power is ultimately gained. Let us 

I I assume that four laborers have to raise a load of 

\ I four hundredweight by means of a rope passing 

n I ; over a single pulley. Every time the rope is pulled down 

: J I ; through four feet, the load is also raised through four feet. 

^ \ l But now, for the sake of comparison, let us suppose the same 
; ^ load hung to a block of four pulleys, as represented in Fig. 2. 

i ! I ! A single laborer would now be able to raise the load by the 

i same exertion of force as each one of the four put forth. But 
I K ^5 when he pulls the rope thi*ough four feet, the load only rises 

: ^ R one foot, for the length through which he pulls the rope, at a, 

^ ^ j is uniformly distributed in the block over four ropes, so that 
^ / each of these is only shortened by a foot. To raise the load, 

sJ therefore, to tlie same height, the one man must necessarily 

'l? work four times as long as the four together did. But the total 

|j|~™ expenditm-e of work is the same, whether four laborers work 
HI Im ^ quarter of an hour or one works for an hour. 

^ If, instead of human labor, we introduce tlie work of a 

^ weight, and hang to the block a load of 400, and at a, where 
otherwise the laborer works, a weight of 100 pounds, the block is tlien in 
equilibrium, and, without any appreciable exertion of the arm, may be set 
in motion. The weight of 100 pounds sinks, that of 400 rises. Without any 
measurable expenditure of force, the heavy weight has been raised by the 
sinking of the smaller one. But observe that the smaller weight will have 
sunk tlirough four times tlic distance that the greater one has risen. But 
a fiill of 100 pounds tlirough four feet is just as much 400 foot-pounds as a 
fall of 400 pounds through one foot. 

ITie action of levers in all their various modifications is predsely simi- 
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lar. Let a b. Fig. 3, be a simple lever, supported at c, the arm c b being 
four times as long as the other arm a c. Let a weight of one pound be 
hung at b, and a weight of four pounds at a, the lever is then in equilib- 
rium, and the least pressure of the finger is sufficient, without any ap- 


a' 



Fig 3 


preciable exertion of force, to place it in the position a' i/, in which the 
heavy weight of four pounds has been raised, while the one-pound 
weight has sunk. But here, also, you will observe no work has been gained, 
for while the heavy weight has been raised through one inch, the 
lighter one has fallen through four inches; and four pounds through one 
inch is, as work, equivalent to the product of one pound through four 
inches. 

Most other fixed parts of machines may be regarded as modified and 
compound levers; a toothed- wheel, for instance as a series of levers, the 
ends of which are represented by the individual teeth, and one after the 
other of which is put in activity in the degree in which the tooth in 
question seizes or is seized by the adjacent pinion. Take, for instance, 
the crabwinch, represented in Fig. 4. Suppose the pinion, C, on the axis 
of the barrel of the winch has twelve teeth, and the toothed- wheel, II, 
seventy-two teeth, that is, six times as many as the formdnr. The winch 
must now be turned round sly times before the toothed- wheel, H, and 
the barrel, D, have made one turn, and before tlie rope which raises 
the load has been lifted by a length equal to the circumference of the 
barrel. The workman thus requires six timc\s the time, though to be sure 
only one-sixth of tlie exertion, whJcli he would have to use if the handle 
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were directly applied to the barrel, D. In all these machines, and parts 
of machines, we find it confirmed that in proportion as the velocity of 
the motion increases its power diminishes, and that when the power 
increases the velocity diminishes, but that the amount of work is never 
theieby increased. 



Fig 4 


In the ovcishot mill wheel, described above, water acts by its w’eight. 
But there is another form of mill wheel, N\hat is called the undershot 
wheely in which it only acts by its impact, as represented in Fig. 5 [p. 
462]. Tlu'se aie used where the height from which the water comes is not 
great enough to flow on the upper part of the wheel. The lower part of 
undershot wheels dips in the flowing water which strikes against their 
float-boards and carries them along. Such wheels are used in swift- 
flowing streams which have a scarcely perceptible fall, as, for instance, 
on the Rhine. In the immediate neighborhood of such a wheel, the water 
need not necessarily have a great fall if it only strikes wth considerable 
velocity. It is the velocity of the water, exerting an impact against the 
float-boards, which acts in this case, and which produces the motive 
power. 

Windmills, which are used in the great plains of Holland and North 
Germany to supply the want of falling water, afford another instance of 
the action of velocity. The sails are driven by air in motion — by wind 




H. L. F. von Helmholtz 


462 

Air at rest could just as little drive a windmill as water at rest a water 
wheel. Tlie driving force depends here on the velocity of moving masses. 

A bullet resting in the hand is the most harmless thing in the world; 
by its gravity it can exert no great eflFect; but when fired and endowed 
with great velocity it drives through all obstacles with the most tremen- 
dous force. 



Fig. 5 


If I lay the head of a hammer gently on a nail, neither its small weight 
nor the pressure of my arm is quite sufficient to drive the nail into the 
wood; but if I swing the hammer and allow it to fall with great velocity, 
it acquires a new force, which can overcome far greater hindrances. 

These examples teach us that the velocity of a moving mass can act as 
motive forc'e. In mechanics, velocity in so far as it is motive force, and 
can produce work, is called vis viva. The name is not well chosen; it is 
too apt to stiggest to us die force of living beings. Also in this case 
you will see, from the instances of the hammer and of the bullet, that 
velocity is lost, as such, when it produces working power. In the case of 
the water mill, or of the windmill, a more careful investigation of the 
moving masses of water and air is necessary to prove that part of their 
velocity has been lost by the work which they have performed. 

The relation of velocity to working power is most simply and clearly 
seen in a simple pendulum, s’uch as can be c'onstnicted by any weight 
which we suspend to a cord. Let M, Fig. 6, be such a weight, of a spheri- 
cal form; A B, a horizontal line drawn dirough the center of the sphere; 


ON THE CONSEEVATION OF FORCE 463 

P the point at which the cord is fastened. If now I draw the weight M 
on one side towards A, it moves in the arc m a, the end of which, a, is 
somewhat higher than the point A in the horizontal line. The weight is 
thereby raised to the height A a. Hence my arm must exert a certain 
force to bring the weight to a. Gravity resists this motion, and en- 
deavors to bring back the weight to M, the lowest point which it 
reach. 

Now, if after I have brought the weight to o I let it go, it obeys this 
force of gravity and returns to m, arrives there with a certain velocity, 
and no longer remains quietly hanging at m as it did before, but swings 



beyond m towards b, where its motion stops as soon as it has traversed 
on the side of B an arc equal in length to that on the side of A, and after 
it has risen to a distance B b above the horizontal line, which is equal to 
the height A a, to which my arm had previously raised it. In b the 
pendulum returns, swings the same way back through m towards a, and 
so on, imtil its oscillations are gradually diminished, and ultimately an- 
nulled by the resistance of tlie air and by friction. 

You see here that the reason why the weight, when it comes from a to 
m, and does not stop there, but ascends to h, in opposition to the action 
of gravity, is only to be sought in its velocity. The velocity which it has 
acquired in moving from the height A a is capable of again raising it to 
an equal height, B fc. The velocity of the moving mass, M, is thus capable 
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of raising this mass; that is to say, in the language of mechanics, of per- 
forming work. This would also be the case if we had imparted such a 
velocity to the suspended weight by a blow. 

From this we learn further how to measure the working power of 
velocity — or, what is the same thing, the vis viva of the moving mass. 
It is equal to the work, expressed in foot-pounds, which the same mass 
can exert after its velocity has been used to raise it, under the most 
favorable circumstances, to as great a height as possible.* This does 
not depend on the direction of the velocity; for if we swing a weight 
attached to a thread in a circle, we can even change a downward mo- 
tion into an upward one. 

The motion of the pendulum shows us very distinctly how the forms 
of working power hitherto considered — that of a raised weight and that 
of a moving mass — ^may merge into one another. In the points a and 
b. Fig. 6, the mass has no velocity; at the point m it has fallen as far as 
possible, but possesses velocity. As the weight goes from a to m the work 
of the raised weight is changed into vis vivo; as the weight goes further 
from m to b the vis viva is changed into the work of a raised weight. Thus 
the work which the arm originally imparted to the pendulum is not lost 
in these oscillations provided we may leave out of consideration the in- 
fluence of the resistance of the air and of friction. Neither does it in- 
crease, but it continually changes the form of its manifestation. 

Let us now pass to other mechanical forces, those of elastic bodies. 
Instead of the weights which drive our clocks, we find in timepieces 
and in watches, steel springs which are coiled in winding up the clock, 
and are uncoiled by the working of the clock. To coil up the spring we 
consume the force of the arm; this has to overcome the resisting elastic 
force of the spring as we wind it up, just as in the clock we have to over- 
come the force of gravity which the weight exerts. Tlie coiled spring 
can, however, perform work; it gradually expends this acquired capa- 
bility in driving the clockwork. 

If I stretch a crossbow and afterwards let it go, the stretched string 
moves the arrow; it imparts to it force in the form df velocity. To 
stretch the cord my arm must work for a few seconds; this work is im- 
parted to the arrow at the moment it is shot oflF. Thu$ the crossbow 
concentrates into an extremely short time the entire v^rk which the 

a. The measure of els viva in theoretical mechanics is half the product of the weight 
into the square of the velocity. To reduce it to the technical measure of the work 
we must oivide it by the intensiw of gravity; that is, by the velocity at the end of 
the first second of a freely falling body. 
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arm had communicated in the operation of stretching; the clock, on the 
contrary, spreads it over one or several days. In both cases no work is 
produced which my arm did not originally impart to the instrument; it is 
only expended more conveniently. 

The case is somewhat different if by any other natural process I can 
place an elastic body in a state of tension without having to exert my 
arm. This is possible and is most easily observed in the case of gases. 

If, for instance, I discharge a firearm loaded with gunpowder, the 
greater part of the mass of the powder is converted into gases at a 
very high temperature, which have a powerful tendency to expand, 
and can only be retained iti the narrow space in which they are formed, 
by the exercise of the most powerful pressure. In expanding with enor- 
mous force they propel the bullet, and impart to it a great velocity, 
which w(‘ have already seen is a form of work. 

In this case, then, I have gained work which my arm has not per- 
h)nned. Soiiieiliing, however, has been lost — the gunpowder, that is to 
say, whose constituents have changed into otlier chemical compounds, 
from which they cannot, without further ado, be restored to their original 
condition. Here, then, a chemical change has taken place, under the in- 
fluence of which work has lieen gained. 

Elastic forces are produced in gases by the aid of heat, on a far greater 
scale. 

Let us take, as the most simple instance, atmospheric air. In Fig. 7 an 
apparatus is represented such as Regnault used for measuring the ex- 
pansive force of heated gases. If no gieat accurac) is recpiircd in 
the measurement, the apparatus may be arranged more simply. At C 
is a glass globe filled with dry air, which is placed in a metal vessel, in 
which it can be heated by steam. It is connected with the U-shaped 
tube, S s, which contains a liquid, and the limbs of which communicate 
with each other when the stopcock R is closed. If the liquid is in equi- 
librium in the tube S 5 when the globe is cold, it rises in the leg s, and 
ultimately overflows whvn the globe is heated. If, on the contrar\\ when 
the globe is heated, equilibrium be restored by allowing some of the 
liquid to flow out at R, as the globe cools it will be drawn up tow^ards n. In 
both cases liquid is raised, and work thereby produced. 

Tlio same experiment is continuously repeated on the hu-gest scale in 
steam engines, though, in order to keep up a continual disengagement 
of compressed gases from the boiler, the air in the globe in Fig. 7, 
wdiich would soon reach the maximum of its expansion, is replaced by 
water, which is gradually changed into steam by the application of heat. 
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But steam, so long as it remains as such, is an elastic gas which endeavors 
to expand exactly like atmospheric air. And instead of the column of 
liquid which was raised in our last experiment, the machine is caused to 
drive a solid piston which imparts its motion to other parts of the ma- 
chine. Fig. 8 represents a front view of the working parts of a high- 
pressiu-e engine, and Fig. 9 [p. 468] a section. The boiler in which steam is 
generated is not represented; the steam passes through the tube z z. 
Fig. 9, to the cylinder A A, in which moves a tightly fitting piston C. 



Fig. 7 


The parts between the tube z z and tfie cylinder A A, that is the slide 
valve in the valve-chest K K, and the two tubes d and e allow the steam 
to pass first below and then above the piston, whde at the same time 
tlie .steam has free exit from the other half of the cylindcT, When the 
steam passes under the piston, it forces it upward; when the piston has 
reached the top of its course the position of the valve in K K changes, 
and the steam passes above the piston and forces it down again. The 
piston rod acts by means of the connecting rod P, on the crank Q of 
tlie flywheel X and sets this in motion. By mt‘ans of the rod s, the motion 
of the rod regulates the operiing and closing of the valve. But we 
need not here enter into those mechanical arrangements, however in- 







Fig 9 
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geniously they have been devised. We are only interested in the manner 
in which heat produces elastic vapor, and how this vapor, in its en- 
deavor to expand, is compelled to move the solid parts of the machine, 
and furnish work. 

You all know how powerful and varied are the efiFects of which steam 
engines are capable; with them has really begun the great development 
of industry which has characterized our century before all others. Its 
most ejssenlial superiority over motive powers formerly known is that 
it is not restricted to a particular place. The store of coal and the small 
quantity of water which are the sources of its power can be brought 
everywhere, and steam engines can even be made movable, as is 
the case with steamships and locomotives. By means of these macliines 
we can develop motive power to almost an indcGnite extent at any 
place on the earth’s surface, in deep mines and even on the middle of 
the occ^an- while water and vvdndmills are bound to special parts of the 
surface of the land. The locomotive transports travelers and goods 
over the land in numbers and with a speed which must have seemed an 
incT(‘dible fable to our forefathers, who looked upon tlie mailcoach 
with its six passengers in the inside, and its ten miles an hour, as an 
(‘normous progress. Steam engines traviTse the ocean independently of 
the direction of the wind, and, successfully resisting storms wdiich would 
drive sailing vessels far away, reach their goal at the appointed time. 
The advantages which the concourse of numerous and variously skilled 
workmen in all branches offers in large towais where wand and water 
powder iu*c wanting, can be utilized, for steam engines find place 
everywhere, and supply the necc'ssary crude force; thus the more intelli- 
gent human force may be spared for better purposes; and, indeed, 
wherever the nature of the ground or tlie neighborhood of suitable lines 
of cc:)minunication present a favorable opportunity for the development 
of industry, the motive power is also present in the form of steam en- 
gines. 

VVe see, then, that heat can produce mechanical powder; but in the cases 
which we have discussed we have seen that the quantity of force 
which can be produced by a gi\’en measure of a physical process is al- 
ways accurately defined, and that the further capacity for wmrk of 
the natural forces is either diininishetl or exhausted by the w^ork w^hich 
has been perfonned. I low is it now with heat in this respect? 

Tliis question was of decisive importance in the endeavor to extend 
the law of the conservation of force to all natural processes. In the an- 
swer lay the chief difference between the older and newer view’^s in 
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these respects. Hence it is that many physicists designate that view of 
nature corresponding to the law of tiie conservation of force with the 
name of mechanical theory of heat. 

The older view of the nature of heat was that it is a substance, very 
fine and imponderable indeed, but indestructible, and unchangeable 
in quantity, which is an essential fundamental property of all matter. 
And, in fact, in a large number of natiural processes, the quantity of 
heat which can be demonstrated by the thennometer is unchangeable. 

By conduction and radiation, it can indeed pass from hotter to colder 
bodies; but the quantity of heat which the former lose can be shown 
by the thermometer to have reappeared in the latter. Many procx'sses, 
too, were known, especially in the passage of bodies from the solid to 
the liquid and gaseous states, in which heat disappeared — at any rate, 
as regards the thermometer. But when the gaseous body was restored to 
die liquid, and the liquid to the solid state, exactly the same quantity of 
heat reappeared which formerly seemed to have been lost. Heat was 
said to have become latent. On this view, liquid water differed from solid 
ice in containing a certain quantity of heat bound, which, just because 
it was bound, could not pass to the thermometer, and therefore was not 
indicated by it. Aqueous vapor contains a far greater quantity of heat 
thus bound. But if the vapor be precipitated, and the^quid water re- 
stored to the state of ice, exactly the same amount of heat is liberated as 
had become latent in the melting of the ice tmd in the vaporization of 
the water. 

Finally, heat is sometimes produced and sometimes disappears in 
chemical processes. But even here it might be assumed that the various 
chemical elements and chemical compounds contain certain constant 
quantities of latent heat, which, when they change their composition, ixxg 
sometimes liberated and sometimes must be supplied from external 
sources. Accurate experiments have shown that the quantity of heat 
which is developed by a chemical process — for instance, in burning a 
pound of pure carbon into carbonic acid — is perfectly constant, wh('ther 
the combustion is slow or rapid, whetlicr it takes place fill at once or 
by intermediate stages. This also agreed very well with the assumption, 
which was the basis of the theory of heat, that heat is a substance en- 
tirely unchangeable in quantity. The natural processes which have 
here been briefly mentioned, were the subject of extensive experimental 
and mathematical investigations, especially of the great Frcmch physi- 
cists in the last decade of the former, and the first decade of the present, 
century; and a rich and accurately worked chapter of physics had been 
developed, in which everything agreed excellently with the hypothe- 
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sis — that heat is a substance. On the other hand, the invariability in the 
quantity of heat in all these processes could at that tiine be explained in 
no other manner than that heat is a substance. 

But one relation of heat — namely, that to mechanical work — ^had not 
been accurately investigated. A French engineer, Sadi Carnot, son of 
the celebrated War Minister of the Revolution, had indeed endeavored 
to deduce the work which heat performs, by assuming that the hy- 
pothetical caloric endeavored to expand like a gas; and from this as- 
sumption he deduced in fact a remarkable law as to the capacity of 
heat for work, which even now, though with an essential alteration in- 
troduced by Clausius, is among the bases of the modern mechanical 
theory of heat, and the practical conclusions from which, so far as 
they could at that time be compared with experiments, have held 
good. 

But it was already known that whenever two bodies in motion rubbed 
against each other, heat was developed anew, and it could not be said 
whence it came. 

The fact is universally recognized, the axle of a carriage which is 
badly greased and where the friction is great, becomes hot — so hot, in- 
deed, that it may take fire, machine wheels with iron axles going at a 
great rate may become so hot that they weld to their sockets. A power- 
ful degree of friction is not, indeed, necessary to disengage an ap- 
preciable degree of heat; thus, a lucifer match, which by rubbing is so 
heated that the phosphoric mass ignites, teaches this fact. Nay, it is 
enough to rub the dry hands together to feel the heat produced by fric- 
tion, and which is far greater than the heating which takes place when 
the hands lie gently on each otlier. Uncivilized people use the friction 
of two pieces of wood to kindle a fire. With this view, a sharp spindle 
of hard wood is made to revolve rapidly on a base of soft wood in the 
manner represented in Fig. lo [see p. 472], 

So long as it was only a question of the friction of solids, in which 
particles from the surface become detached and compressed, it might 
be supposed that some changes in structure of the bodies rubbed might 
here liberate latent heat, which would thus appear as heat of friction. 

But heat can also be produced by the friction of liquids, in which 
there could be no question of changes in structure, or of the liberation 
of latent heat. The first decisive experiment of this kind was made by 
Sir Humphry Davy in the commencement of the present century. In a 
cooled space he made two pieces of ice rub against each other, and 
thereby caused them to melt. The latent heat which the newly formed 
water must have here assimilated could not have been conducted to it 
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by the cold ice, or have been produced by a change of structure; it 
could have come from no other cause than from friction, and must have 
been created by friction. 

Heat can also be produced by the impact of imperfectly elastic bodies 
as well as by friction. This is the case, for instance, when we produce fire 
by striking flint against steel, or when an iron bar is worked for some 
time by powerful blows of the hammer. 



If we inquire into the mechanical effects of friction- and of inelastic 
impact, we And at once that these are the processes by which all terrestrial 
movements are brought' to rest. A moving body whose motion was not 
retarded by any resisting force would continue to move to all eternity. 
The motions of the planets are an instance of this. This is apparently 
never the case with the motion of the terrestrial bodies, for they are al- 
ways in contact with other bodies which are at rest, and nd) against 
them. We can, indeed, very much diminish their friction, but never 
completely annul it. A wheel which turns about a well-worked axle, once 
set in motion, continues it for a long time; and the longer, the more truly 
and smoother the axle is made to turn, the better it is greased, and the 
less the pressure it has to support. Yet the vis viva of the motion which 
we have imparted to such a wheel when we started it, is gradually lost in 
consequence of friction. It disappears, and if we do not c'arefully con- 
sider the matter, it seems as if the vis viva which the wheel had pos- 
sessed had been simply destroyed without any substitute. 

A bullet which is rolled on a smooth horizontal surface continues to 
roll until its velocity is destroyed by friction on the path, caused by the 
very minute impacts on its little roughnesses. 

A pendulum which has been put in vibration can continue to oscillate 
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for hours if the suspension is good, without being driven by a weight; 
but by the friction against the surrounding air, and by that at its place 
of suspension, it ultimately comes to rest. 

A stone which has fallen from a height has acquired a certain velocity 
on reaching the earth; this we know is the equivalent of a mechani- 
cal work; so long as tliis velocity continues as such, we can direct it up- 
wards by means of suitable arrangements, and tlius utilize it to raise 
the stone again. Ultimately the stone strikes against the earth and comes 
to rest; tlie impact has destroyed its velocity, and therewith apparently 
also the mechanical work which this velocity could have affected. 

If we review the results of all these instances, which each of you 
could easily add to from your own daily experience, we shall see that 
friction and inehistic impact are processes in which mechanical work 
is destroyed, and heat produced in its place. 

The experiments of Joule, which have been already mentioned, lead 
us a step fiuther. He has measured in foot-pounds the amount of work 
wliich is destroyed by the friction of solids and by the friction of liquids; 
and, on the other hand, he has determined the quantity of heat which 
is then^by produced, and has established a definite relation between 
the two. His experiments show that when heat is produced by the con- 
sumption of work, a definite quantity of work is reqTiired to produce 
that amount of heat which is known to physicists as the unit of heat; 
the heat, that is to say, which is necessary to raise one gram of water 
through one degree centigrade. The quantity of work necessary for 
this is, according to Joule’s best experiments, equal to tlie work which a 
gram would perform in falling througli a height of 425 meters. 

In order to show how closely concordant are his numbers, I will ad- 
duce the results of a few series of experimenls which he obtained after 
introducing the latest improvements in his methods. 

1. A series of experiments in which water was heated by friction in 
a brass vessel. In the interior of this vessel a vertical axle provided with 
sixteen paddles was rotated, tlie eddies thus produced being broken 
by a scries of projecting barriers, in which parts were cut out large 
enough for the paddles to pass tlirough. Tlie value of the eijuivalent 
was 424.9 meters. 

2. Two similar experiments, in which mercury in an iron vessel was 
subshtuted for water in a brass one, gave 425 and 426.3 meters. 

3. Two series of expcTiments, in which a conical ring nibbed against 
another, both sunoundecl by mercury, gave 426.7 and 425.6 meters. 

Exactly the same relations between heat and work were also found in 
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the reverse process — that is, when work was produced by heat. In or- 
der to execute this process under physical conditions that could be 
controlled as perfectly as possible, permanent gases and not vapors 
were used, although the latter are, in practice, more convenient for pro- 
ducing large quantities of work, as in the case of the steam engine. A 
gas which is allowed to expand with moderate velocity becomes cooled. 
Joule was the first to show the reason of this cooling. For the gas has, 
in expanding, to overcome the resistance which the pressure of the at- 
mosphere and the slowly yielding side of the vessel opjx)se to it: or, if it 
cannot of itself ov<'rcome this resistance, it supports the arm of the 
observer which does it. Gas thus performs work, and this work is pro- 
duced at the cost of its heat. Hence the cooling. If, on the contrary, the 
gas is suddenly allowed to issue into a perfectly exhausted space where 
it finds no resistance, it does not become cool, as Joule has shown; or if 
individual parts of it become cool, others become warm; and. after 
the temperature has become equalized, this is exactly as much as before 
the sudden expansion of the gaseous mass. 

How much heat the various gases disengage when they are com- 
pressed, and how much work is necessary for their compression; or, 
conversely, how much heat disappears when they expand under a 
pressure equal to their own counterpressure, was partly known from the 
older physical experiments, and has partly been determined by the re- 
cent experiments of Regnault by extremely perfect methods. Calcula- 
tions with the best data of this kind give us the value of the thermal 
ecjuivalent from experiments: 


With atmospheric air 
oxygen 
" nitrogen 
hydrogen 


426.0 meters 

4313 “ 

4ii5-3 “ 


Comparing these numbers with those which determine the equiva- 
lence of heat and mechanical work in friction, as close an agreement is 
seen as c'an at all be expected from numbers which have been ob- 
tained by such varied investigations of different observers. 

Thus then: a c^ertain quantity of heat may be changed into a definite 
quantity of work; this quantity of work can also be retransformed into 
heat, and, indeed, into exactly the same quantity of heat as that from 
which it originated; in a mechanical point of view, they are ex- 
actly equivalent. Heat is a new form in which a quantity of work may 
appear. 

These facts no longer permit us to regard heat as a substance, for its 
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quantity is not unchangeable. It can be produced anew from the vis 
viva of motion destroyed; it can be destroyed, and then produces mo- 
tion. We must rather conclude from this that heat itself is a motion, an 
internal invisible motion of the smallest elementary particles of boches. 
If, tlierefore, motion seems lost in friction and impact, it is not actually 
lost, but only passes from the great visible masses to their smallest parti- 
cles; while in steam engines the internal motion of the heated gaseous 
particles is transferred to the piston of the machine, accumulated in 
it, and combined in a resultant whole. 

But what is the nature of this internal motion can only be asserted with 
any degree of probability in the case of gases. Their particles proba- 
bly cross one another in rectilinear paths in all directions, until, striking 
another particle, or against the side of the v^essel, they are reflected in 
another direction. A gas would thus be analogous to a swarm of gnats, 
consisting, however, of particles infinitely small and infinitely more 
closely packed This hypothesis, which has been develoj>ed by Kronig, 
(flausius, and Maxwell, very well accounts for all the phenomena of 
gases. 

What appeared to the earlier physicists to be the constant quantity 
of heat is nothing more than the whole motive power of the motion of 
heat, which remains constant so long as it is not transformed into other 
forms of w'ork, or results afresh from them. 

We turn now to anotluT kind of natural forces which can produce 
work — J mean the clKMuiciil. Wa have today already come across 
tlu'in. They arc the ultimate cause of the work w^hich gunpowder and 
the steam engine produce; for the heat wdiich is c'onsume<l in the latter, 
for examph*, originates in the combustion of carbon — that is to say, in a 
chemical process. The burning of coal is the chemical union of carbon 
with th(' oxygen of the air, taking place under the influence of the 
ch<‘mical affinity of the tw^o substances. 

We may regard this force as an attractive force between the two, 
wdiich, however, only acts through them wath extraordinary power, if 
the smallest particles of the two substances are in close.st proximity to 
each other. In combustion this force acts; the carbon and oxygen 
atoms strike against each other and adhere firmly, inasmuch as they 
form a new compound — carbonic acid — a gas knowm to all of you as 
that w'hich ascends from all fermenting and fermented licjiiids — from 
^H*er and cham[)agne. Now this attraction betw’cen the atoms of carbon 
and of oxygen performs work just as muc h as that which the earth in the 
form of gravity exerts upon a raised w'eight. When the weight falls to the 
ground, it produces an agitation, w'hich is partly transmittc'd to the vicin- 
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ity as sound waves, and ptirtly remains as tlie motion of heat. The 
same result we must expect from chemical action. When carbon and oxy- 
gen atoms have rushed against each otlier, the newly formed particles 
of carbonic acid must be in the most violent molecular motion — that is, 
in the motion of heat. And this is so. A pound of carbon burned with 
oxygen to form carbonic acid, gives as much heat as is necessary to 
raise 80.9 pounds of water from the freezing to the boiling point; and 
just as the same amount of work is produced when a weight falls, 
whether it falls slowly or fast, so also the same quantity of heat is pro- 
duced by the combustion of carbon, whether this is slow or rapid, 
whether it takes place all at once, or by successive stages. 

When the carbon is burned, we obtain in its stead, and in that of 
the oxygen, the gaseous product of combustion — carbonic acid. Im- 
mediately after combustion it is incandescent. When it has afterwards 
imparted heat to the vicinity, we have in the carbonic acid the entire 
quantity of carbon and the entire quantity of oxygen, and also the 
force of affinity quite as strong as before. But the action of the latter is 
now limited to holding the atoms of carbon and ox)^gen firmly unitc^d; 
they can no longer produce either heat or work any more than a fallen 
weight can do work if it has not been again raist'd by some extraneous 
force. When the carbon has been burned we take no furtlu^r trouble to 
retain the carbonic acid; it can do no more service, wo endeavor to 
get it out of the chimneys of oiu: houses as fast as we can. 

Is it possible, then, to tear asunder the particles of carbonic acid, 
and give to them once more the capacity of work wliich they had 
before they were combined, just as we can restore the potentiality of a 
weight by raising it from the ground? It is indeed possible. We shall after- 
wards see how it occurs in the life of plants; it can also be effected by 
inorganic processes, though in roundabout ways, the explanation of 
which would lead us too far from oiu* present course. 

This can, however, be easily and directly shown for another element, 
hydrogen, which can be burned just like carbon. Hydrogen with car- 
bon is a constituent of all combustible vegetable substances, among 
others, it is also an ess^mtial constituent of the gas wliich is used for 
lighting our streets and rooms; in the free state it is also a gas, the light- 
est of all, and bums when ignited with a feebly luminous blue flame. In 
this combustion — ^that is, in the chemical combination of hydrogen with 
oxygen, a very considerable quantity of heat is produced; for a given 
weight of hydrogen, four times as much heat as in the combustion of 
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the same weight of carbon. The product of combustion is water, which, 
therefore, is not of itself further combustible, for the hydrogen in it is 
completely saturated with oxygen. ITie force of affinity, therefore, of 
hydrogen for oxygen, like that of carbon for oxygen, performs work in 
c'ombiistion, which appt*ars in the form oi heat. In tlie water which has 
been fonned during combustion, the force of affinity is exerted be- 
tween the elements as before, but its capacity for work is lost. Hence the 
two elements must be again separated, their atoms tom apart, if new 
effects are to be produced from them. 



Fig. 11 


This we ran do by the aid of currents of electricity. In the apparatus 
d( picted in Fig. ii, w(‘ have two glass vessels filled with acidulated wa- 
ter a and which are separated in the middle by a porous plate mois- 
tened with w’ater. In both sides are fitted platinum wires, k, which are 
attached to platinum plates, i and I'l. As soon as a galvanic current is 
transmitted thmugh the water by the platinum wires, fc, you see bubbles 
of gas ascend from the plates i and I'l. TIicsc bubbles are the tw o elements 
of water, h) drogen on the one hand, and oxygen on the other. The gases 
emerge through the tubes g and gi. If we wait until the upper part of 
the vessels and the tubes have been filled wath it, we can inflame hydro- 
gen at one side; it bums with a blue flame. If I bring a glimmering spill 
near the moutli of the other tube, it bursts into flame, just as happens 
with oxygen gas, in wliich the processes of combustion are far more in- 
tense than in atmospheric air, where tlie oxygen mixed with nitrogen is 
only one-fifth of the whole volume. 
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If I hold a glass flask filled with water over the hydrogen flame, the 
water, newly formed in combustion, condenses upon it. 

If a platinum wire be held in the almost non-luminous flame, you 
see how intensely it is ignited; in a plentiful current of a mixture of the 
gases, hydrogen and oxygen, which have been liberated in the above 
experiment, the almost infusible platinum might even be melted. The 
hydrogen which has here been liberated from the water by the electrical 
current has regained the capacity of producing large quantities of heat 
by a fresh combination with oxygen; its afiBnity for oxygen has regained 
for it its capacity lor work. 

We here become acquainted with a new soiu*ce of work, the electric 
current which decomposes water. This current is itself produced by a 
galvanic battery. Fig. 12. Each of the four vessels contains nitric acid, in 
which there is a hollow cylinder of very compact carbon. In the middle 



of the carbon cylinder is a cylindrical porous vessel of white day, which 
contains dilute sulfuric acid; in this dips a zinc cylinder. Each zinc 
cylinder is connected by a metal ring with the carbon cylinder of the 
next vessel, the last zinc cylinder, n, is connected with one platinum 
plate, and the first carbon cylinder, p, with the other platinum plate of 
tlie apparatus for the decompositkm of water. 
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If now the conducting circuit of this galvanic apparatus is completed, 
and the decomposition of water begins, a chemical process takes place 
simultaneously in the cells of the voltaic battery. Zinc takes oxygen from 
the surrounding water and undergoes a slow combustion. The product 
of combustion thereby produced, oxide of zinc, unites further with 
sulfuric acid, for which it has a powerful affinity, and sulfate of zinc, a 
saline kind of substance, dissolves in the liquid. The oxygen, moreover, 
which is withdrawn from it is taken by the water from the nitric acid 
surrounding the cylinder of carbon, which is very rich in it, and readily 
gives it up. ITius, in the galvanic battery, zinc burns to sulfate of zinc 
at the exist of the oxygen of nitric acid. 

Thus, while one product of combustion, water, is again separated, a 
new combustion is taking place — that of zinc. While we there reproduce 
chemical affinity which is capable of work, it is here lost, llie electrical 
ciirrcmt is, as it were, only the carrier which transfers the chemical force 
of the zinc with oxygen and acid to water in the decomposing 

cell, and uses it for overcoming the chemical force of hydrogen and 
o\yg(‘n. 

In this case, we can restore work which has been lost, but only by us- 
ing another forc(% (hat of oxidizing zinc. 

IUt(' wc have overcome chemical forces by chemical forces, 
through (he instrumentality of the clectrieal current. But we can attain 
the same object by mechanical forces, if wc produce the electrical ciir- 
riait by a inagnc(oelectrical machine. Fig. 13. If we turn the handle, the 
anktT R R', on which is coiled copper wire, rotates in front of the poles 
of the horseshoe magnet, and in these coils electrical cuiTcnts are pro- 
duced, which can be led from the points a and h. If the ends of these wires 
are connectcnl wi(h the apparatus for decomposing water, we obtain hy- 
drogen and oxygen, though in far smaller (jiiantity than by the aid of the 
battery which we used hc'fore. But this process is interesting, for the 
mechanical force of the arm which tunis the wheel produces the work 
which is required for separating the combined chemical elements. Just 
as the steam engine changes chemical into mechanical force the magneto- 
el(‘c(rical machine transforms mechanical force into chemical. 

The application of electrical currents op^ms out a large number of 
relations between the various natural forces. We haxe dea)mposed xva- 
Icr into its elements by such currents, and should he able to decom- 
pose a large number of other chemical comjXMinds. On the other hand, in 
ordinary galvanic batteries electrical currents are produced by chemical 
forces. 
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In all conductors through which electrical currents pass they produce 
heat; I stretch a tliin platinum wire between the ends n and p of the 
galvanic battery. Fig. 12; it becomes ignited and melts. On the other 
hand, electrical currents are produced by heat in what are called thermo- 
electric elements. 

Iron which is brought near a spiral of copper wire, traversed by an 
electrical current, becomes magnetic, and tlien attracts other pieces of 



Fig 13 


iron, or a suitably placed steel magnet. We thus obtain mechanical ac- 
tions which mcset with extended applications in the electrical telegraph, 
for instance. Fig. 14 represents a Morses telegraph in one-third of the 
natural size. Tlie essential part is a horseshoe-shaped iron core, wliich 
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stands in the copper spirals b h. Just over the top of this is a small steel 
magnet c c, which is attracted the moment an electrical current, arriving 
by the telegraph wire, traverses the spirals b b. The magnet c c is rig- 
idly fixed in the lever d d, at the otlier end of which is a style; this makes 
a mark on a paper band, drawn by a clockwork, as often and as long as 
CO is attracted by the magnetic action of the electrical current. Con- 
versely, by reversing tlie magnetism in the iron core of the spirals 
b b, we should obtain in them an electrical current just as we have ob- 
tained such currents in the magnetoelectrical machine, Fig. 13; in the 
spirals of that machine there is an iron core which, by being approached 
to the poles of the large horseshoe magnet, is sometimes magnet- 
ized in one and sometimes in the other direction. 



Fig. 14 


I will not accnimulate examples of such relations; in subsequent lec- 
tures wc shall come across them. Let us review these examples once more, 
and recx)gnize in them the law which is common to all. 

A raised weight can produce w^ork, but in doing so it must neces- 
sarily sink from its height, and, when it has fallen as deep as it can 
fall, its gravity remains as before, but it can no longer do work. 

A stretched spring can do work, but in so doing it becomes loose. The 
velocity of a moving mass can do work, but in doing so it comes to rest. 
Heat can perform work; it is destroyed in the operation. Chemical forces 
can perform work, but they cxliaust themselves in the effort. 
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Electrical currents can perform work, but to keep them up we 
must consume either chemical or mechanical forces, or heat. 

We may express this generally. It is a universal character of all 
known natural forces that their capacity for work is exhausted in the 
degree in which they actually perform work. 

We have seen, further, that when a weight fell without performing any 
work, it either acquired velocity or produced heat. We might also 
drive a magnetoelectrical machine by a falling weight; it would then 
furnish electrical currents. 

We have seen that chemical forces, when they come into play, pro- 
duce either heat or electrical currents or mechan!C‘al work. 

We have seen that heat may be changed into work; there are ap- 
paratus (thermoelectric batteries) in which electrical currents are pro- 
duced by it. Heat can directly separate chemical compounds; thus, 
when we bum limestone, it separates carbonic acid from lime. 

Thus, whenever the capacity for work of one natural force is de- 
stroyed, it is transformed into another kind of activity. Even within 
the circuit of inorganic natural forces, we can transform each of them 
into an active condition by the aid of any other natural force which is 
capable of work. The connections between the various natural forces 
which modem physics has revealed, are so extraordinarily numerous 
that several entirely diflFerent methods may be disc'overed for each of 
these problems. 

I have statefl how we are accustomed to measure mechanical work, and 
how the equivalent in work of heat may be found. The equivalent in work 
of chemical processes is again measured by the heat which they pro- 
duce. By similar relations, the equivalent in work of the other natural 
forces may be expressed in terms of mechanical work. 

If, now, a certain quantity of mechanical w^ork is lost, there is ob- 
tained, as experiments made with the object of determining this point 
show, an equivalent quantity of heat, or, instead of this, of chemical 
force; and, conversely, when heat is lost, we gain an equivalent quantity 
of chemical or mechanical force; and, again, when chemical force dis- 
appears, an equivalent of heat or work; so that in all tlnese inter- 
changes between various inorganic natural forces working force may 
indeed disappear in one form, but then it reappears in exactly equiva- 
lent quantity in some other form; it is thus neither increased nor dimin- 
ished, but always remains in exac'tly the same quantity. We shall subse- 
quently see that the same law holds good also for processes in organic 
nature, so far as the facts have been tested. 
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It follows thence that the total quantity of all the forces capable of 
work in the whole universe remains eternal and unchanged through- 
out all their changes. All change in nature amounts to this, that force 
can change its form and locality without its quantity being changed. 
Tlic universe possesses, once for all, a store of force which is not altered 
by any change of phenomena, can neither be increased nor diminished, 
and which maintains any change which takes place on it. 

You see how, starting from c'onsiderations based on the immediate 
practical interests of technical work, we have been led up to a uni- 
v(Tsal natural law, which, as far as all previous experience extends, rules 
and embrac es all natural processes; which is no longer restricled to the 
practical objects of human utility, but expresses a perfectly general and 
particularly characteristic property of all natural forces, and which, as 
rc'gards generality, is to be plac^c^d by the side of the laws of the un- 
altcrahility of mass, and the iinalterahility of the chemical elements. 

At the samr ^ime, it also dcx idc^s a great practical question which has 
been inuc h discussed in the last two ccmturics, to the decisicm of which 
an infinity of experiments has been made and an infinity of apparatus 
c‘onstrucl(‘d — that is, the ([uestion of the possibility of a perpetual mo- 
tion. By this was understood a machine which was to work continuously 
without the aid of any extc'mal driving force. The solution of this prob- 
Ic'ni promised enormous gains. S\ich a machine would have had all 
the achantagc's of steam withc^ut requiring the expenditure of fuel. 
W'ork is wt'alth, A machine which could produce work from nothing 
was as good as ont* whit h made gold. Tins ]>roblem had thus for a long 
time occupied the place of gold making, and had confused many a 
poudeiiiig brain. That a perpetual motion could not be produced by 
the aid of the then known inc'chanical forces could be demonstrated in 
the last ccnlurv by the aid of the mathcMuatical mechanics which had 
at that time bc'cn developed. But to show also that it is not possible even 
if heal, chemicMl force's, c'lectricitv, and magnetism were made to co- 
0})erat(\ could not be done' without a knowledgt' of our law in all its 
g(*neralilv. The* possibility of a pcTpetual motion was first finally nega- 
tivc'd by the* law of the (conservation of force, and this law might also 
be (wpressc'd in the practical form that no perpetual motion is possible, 
that force cannot be produc'cd frenn nothing; something must be con- 
sumed. 

You will only be ultimately able to estimate the importance and the 
sc*op(‘ of our law when you have before your eyes a series of its applica- 
tions to indi\idual procc'ssc's in nature. 
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What I have today mentioned as to the origin of the moving forces 
which are at oiir disposal, directs us to something beyond the narrow 
confines of our laboratories and our manufactories, to the great opera- 
tions at work in the life of the earth and of the universe. The force 
of falling water can only flow down from tlie hills when rain and 
snow bring it to them. To furnish these, we must have aqueous vapor 
in the atmosphere, which can only be efiFected by the aid of heat, and 
this heat comes from the sun. The steam engine needs the fuel which 
the vegetable life yields, whether it be the still active life of the sur- 
rounding vegetation, or the extinct life which has produced the iinmeme 
coal deposits in the depths of the earth. The forces of man and animals 
must be restored by nourishment; all nourishment comes ultimately 
from the vegetable kingdom, and leads us back to the same source. 

You see then that when we inquire into the origin of the moving 
forces which we take into our service, we are thrown back upon the 
meteorological processes in the earth’s atmosphere, on the life of plants 
in general, and on the sun. 


The foregoing consists of an introduction to a series of Uclures 
delivered at Carlsruhe in the winter of 1862-1863. 
translated by Edmund Atkinson. 



Albert Einstein 


Leopold Infeld 

(1898- ) 

A 

XA.ll)ert Einstein was born at Ulm, Germany, in 1879. In i? 
he entered the Swiss Federal Polytechnic School at Zurich; but 
bored by the teaching, he found time to read the works of the great 
physicists of ‘h#* nineteenth century. Receiving his degree in 1900, 
he searched in vain for a teaching post. He finally took a job in tire 
Berne patent office. Again he found himself with free time, which he 
used for further reading and drinking. In 1905, when he was 
twenty-six, he published four papers, each of which contained a 
great discovery in physics, and wlrich had the effect of creating 
drree new branches of physics: relativity, statistical mechanics, and 
the quantum theory of radiation. 

In 1909 Einstein was made professor of physics at the University 
of Zurich, where he had received his Ph.D. in 1905. He continued 
to work on relativity, the special theory of which had constituted 
one of Iris papers of 1905; and in 1916 he published his famous paper 
on the general Uieory of relativity. He received the Nobel Prize in 
physics for 1921. 

After 1920 Einstein to some extent parted company from the 
main development of modem ph}sics. Its dependence on prob- 
ability concerned him, for this seemed to indicate that its laws were 
only provisional. He asserted that an over-aU reduction of all 
physical laws to geometry would be the test of a true tlieory. He 
believed that he had made such a reduction before his death, but 
most physicists do not as yet agree that his final fomiulation ade- 
quately explains the observed phenomena. 

To escape the anti-Jewish persecutions of Hitler s Germany, and 
in order to continue his researches in freedom, Einstein left Europe 
for the United States in 1933. He joined the Institute for Advanced 
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Study, in Princeton, New Jersey, and remained there for the rest 
of his life. In 1939 it became known to him that two German 
physicists had brought about the fission of uranium. lie was asked 
to inform the American government of the possible results of this 
achievement, and he did so, in a letter to President Roosevelt. 
As a consequence, tlie Manhattan Project was instituted, which 
built the atomic bomb. There was a profound irony in this, for 
Einstein was always a sincere pacifist and humanitarian. He died at 
Princeton in 1955. 

Leopold Infeld was bom at Crakow, Poland, in 1898. He studied 
at Lw6w and Crakow, receiving his Ph.D. from the latter’s university 
in 1921. He went to England and then to America, where he joined 
the Institute for Advanced Study, 1936-38. He was professor of 
applied mathematics at the Uni\ersity of Toronto from 1939-50, 
after which he returned to Poland. He is now associated with the 
University of Warsaw. 

He made contributions to tlie theory of relativity and to quantum 
theory, and he wrote several books of a popular nature. It was at 
the Institute for Advanced Study that he and Einstein planned and 
wrote The Evolution of Physics (1938), from which the following 
selection is taken. 

Scientific concepts often 'begin with those used in ordinary lan- 
guage for the affairs of everyday life,” say the authors, “but they 
develop quite differently. They are transformed and lose the am- 
biguity associated with them in ordinary language, gaining in rigor- 
ou.sne.ss so that they may be applied to scientific thought.” They go 
on to explain that the special language of science is inalhematics. 
“Mathematics as a tool of reasoning,” they write, “is necessary if we 
wish to draw conclusions which may be compared with experiment.” 
And they point out that “the price which must be paid for abandon- 
ing the language of mathematics is a loss in precision, and the lu'ces- 


Notes from the artist: **Einstcin and his collaborator, Infeld, 
are presented in a doulde portrait, t off ether with the famous fmmulu 
expressirif^ the lelatum of mass and enrrffy. A sketch of Einstein 
as a boy is aho included. The (fuotation is from The Kvolution of Physics/' 
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sity of sometimes quoting results without showing how they were 
reached.” 

However, tlie authors are willing to pay the price. The reader will 
notice that in this long selection — indeed, in the entire book from 
which it is taken — there is not a single mathematical formula. This 
discussion of classical physical theory and its transformation into 
modem physics is written in a language other than the special 
language that made the transformation possible and necessary. 

That revolutionary changes in scientific theory are necessary, and 
indeed inevitable, is a point emphasized by the authors. “Physical 
concepts are free creations of the human mind,” they say, “and are 
not, however it may seem, uniquely determined by the external 
world.” They compare the scientist to a man “trying to under- 
stand the mechanism of a closed watch.” He can never open the 
watch; he can only form a picture of a mechanism that would explain 
what he sees happening on the face of the watch. “He will never 
be able to compare his picture with the real mechanism. . . . But 
he certainly believes that, as his knowledge Increases, his picture of 
reality will become simpler and simpler and will explain a wider and 
wider range of his sensuous impressions.” 

This idea is an extremely important one for modem science. Suc- 
cessive theories only approximate the “objective truth,” they can 
never reach it. Indeed, its existence may be denied. The criteria 
by which one theory is preferred to another would still remain the 
same. They are, as Einstein and Infeld point out, simplicity and 
comprehensibihty. 

The authors indicate why it is that “there are no eternal theories 
in science.” They write: “It always happens that some of the facts 
predicted by a theory are disproved by experiment. Every theory 
has its period of gradual development and triumph, after which it 
may experience a rapid decline. . . . Nearly every great advance in 
science arises from a crisis in the old theory, tlirough an endeavor 
to find a way out of the difficulties created. We must examine old 
ideas, old theories, although they belong to the past, for this is 
the only way to understand the importance of the new ones and the 
extent of their validity.” 

This, too, is an important point. And it applies not only in sci- 
ence. In philosophy, in history, in law, and in medicine, it is equally 
essential, for an adequate understanding of the present, to under- 
stand the past. It is often said that the unwillingness of modern 



Albert Einstein & Leopold Inf eld 489 

education to recognize this principle is one of its most striking 
failures. 

The following selection from The Evolution of Physics is a re- 
markable piece of writing. It treats of difficult ideas with the utmost 
simplicity; it makes plain what would otherwise be dark. Its dis- 
ciission, for example, of tlie clrange from the substance theory of 
heat to the mechanical theory of heat is a model of clarity. It is 
particularly useful for the reader of this volume, for it reviews the 
history of physics from Galileo and Newton to Einstein himself. 
That is a period in which most of the essays and lectures reprinted 
here were first published. Besides being illuminating in itself, it can 
thus serve as background reading for many of them. 

The selection is most valuable of all, perhaps, for the questions it 
raises. Indeed, it suggests that asking questions is of primary im- 
portance. “The formulation of a problem,” the authors say, “is often 
more essetifi thair its solution, which may be merely a matter of 
mathematical or experimental skill.” 



The Rise and Decline of 
Classical Physics 

from The Evolution of Physics 


I THE RISE OF THE MECHANICAL VIEW 

The Great Mystery Story 

n imagination there exists the perfect mystery story. Such a story 
presents all the essential clut's, and compels us to form our own theory 
of the case. If we follow the plot carefully we arrive at tlie c'Oinpletc solu- 
tion for ourselves just before the author s disclosure at the end of the 
book. The solution itself, contrary to those of inferior mysteries, not 
disappoint us; moreover, it appears at the very moment we expc'ct it. 

Can we liken the reader of siich a book to the scientists, who through- 
out successive generations continue to seek solutions of the mysteries in 
the book of nature? The comparison is false and will have to be aban- 
doned later, but it has a modicum of justification which may be ex- 
tended and modified to make it more appropriate to the endeavor of sci- 
ence to solve the mystery of the universe. 

This great mystery story is still unsolved. We cannot even be sure 
that it has a final solution. The reading has already given us much; 
it has taught us the rudiments of the language of nature; it has en- 
abled us to understand many of the clues, and has been a source of joy 
and excitement in the oftentimes painful advance of science. But we 
realize that in spite of all the volumes read and understood we are 
still far from a complete solution, if, indeed, such a thing exist! at all. 
At every stage we try to find an explanation consistent with the clues 
already discovered. Tentatively accepted theories have explained 
many of the facts, but no general solution compatible with all known 
clues has yet been evolved. Very often a seemingly perfect theory has 
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proved inadequate in the light of further reading. New facts appear, 
contradicting the theory or unexplained by it. The more we read, 
the more fully do we appreciate the perfeci: construction of the book, 
even though a complete solution seems to recede as we advance. 

In nearly every detective novel since the admirable stories of Conan 
Doyle there comes a time where the investigator has collected all the 
facts he needs for at least some phase of his problem. These facts of- 
ten seem quite strange, incoherent, and wholly unrelated. The great 
detective, however, realizes that no further investigation is needed at the 
moment, and that only pure thinking will lead to a correlation of the 
facts collected. So he plays his violin, or lounges in his armchair enjoy- 
ing a pipe, when suddenly, by Jove, he has it! Not only does he have 
an explanation for the dues at hand, but he knows that certain other 
events must have happened. Since he now knows exactly where to look 
for it, he may go out, if he likes, to collect further confirmation for his 
theory. 

The scientist reading the book of nature, if we mav be allowed to re- 
peat tlic trite phrase, must find the solution for himself, for he cannot, 
as impatient readers of other stories often do, tuiTi to the end of the 
book. In our case the reader is also the investigator, seeking to ex- 
plain, at least in part, the relation of events to their rich context. To 
obtain even a partial solution the scientist must collect the unorde^ed 
facts available and make them ct)herent and understandable by creative 
thought. 

It is our aim, in the following pages, to describe in br')ad outline that 
work of physicists which corresponds to the pure thinking of the in- 
vestigator. We .shall be chi(*lly concerned with the role of thoughts and 
ideas in the adventurous search for kno\N ledge of the physical world. 

The Firsi Clue. Attempts to read the great mystery stor\^ are as old as 
human thought itself. Only a little over three hundred years ago, how- 
e\cT, did scientists begin to understand the languag^^ of the story. 
Since that time, the age of Galileo and Newton, the reading hiis pro- 
ceeded rapidlv. Techni<iues of investigation, systematic methods of 
finding and following clues, have been developed. Some of the rid- 
dle's of nature have betm solved althoug* many of the solutions have 
proven! temporary and supeific'ial in the light of further research. 

A most fundamental problem, for thousands of years wholly obscured 
by its ('omplications, is that of motion. All those motions we observe in 
nature, that of a stone thrown into the air, a ship sailing the sea, a 
cart pushed along the street, arc in reality very intricate. To understand 
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these phenomena it is wise to begin with the simplest possible cases, 
and proceed gradually to the more complicated ones. Consider a body 
at rest, where there is no motion at all. To change the position of such a 
body it is necessary to exert some influence upon it, to push it or lift it, 
or let other bodies, such as horses or steam engines, act upon it. Our 
intuitive idea is that motion is connected with the acts of pushing;, 
lifting or pulling. Repeated experience would make us risk the further 
statement that we must push harder if we wish to move the body 
faster. It seems natural to conclude that the stronger the action exerted 
on a body, the greater will be its speed. A four-horse carriage goes 
faster than a carriage drawn by only two horses. Intuition thus tells us 
that speed is essentially connected with action. 

It is a familiar fact to readers of detective fiction that a false clue mud- 
dles the story and postpones the solution. The metliod of reasoning 
dictated by intuition was wrong and led to false ideas of motion which 
were held for centuries. Aristotle’s great authority throughout Europe 
was perhaps the chief reason for the long belief in this intuitive idea. 
We read in the Mechanics, for two thousand years attributed to him: 

The moving body comes to a standstill when the force which pushes 

it along can no longer so act as to push it. 

The discovery and use of scientific reasoning by Galileo WetS one of 
the most important achievements in the history of human thought, and 
marks the real beginning of physic's. Tliis discovery taught us that in- 
tuitive conclusions based on immediate observation are not always to 
be trusted, for they sometimes lead to the wrong clues. 

But where does intuition go wrong? Can it possibly be wrong to say 
that a carriage drawn by four horses must travel faster than one drawn 
by only two? 

Let us examine the fundamental facts of motion more closely, starting 
with simple everyday experiences familiar to mankind since tho begin- 
ning of civilization and gained in the hard struggle for existence. 

Suppose that someone going along a level road witli a pushcart 
suddenly stops pushing. The cart will go on moving for a short distance 
before coming to rest. We ask: how is it possible to increase diis dis- 
tance? There are various ways, such a.s oiling the wheels, and making the 
road very smooth. The more easily the wheels turn, and the smoother 
the road, the longer the cart will go on moving. And just what has been 
done by the oiling and smoothing? Only this: the external influences 
have been made smaller. The eflFcct of what is called friction has been 
diminished, both in the wheels and between the wheels and the road. 
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This is already a theoretical interpretation of the observable evidence, 
an interpretation which is, in fact, arbitrary. One significant step fur- 
ther and we shall have the right cine. Imagine a road perfectly smooth, 
and wheels with no friction at all. Then there would be nothing to stop 
the cart, so that it would run forever. This conclusion is reached only 
by thinking of an idealized experiment, which can never be actually 
performed, since it is impossible to eliminate all external influences. 
The idealized experiment shows tlie clue which really formed the foun- 
dation of the mechanics of motion. 

Comparing the two methods of approaching the problem we can say: 
tlie intuitive idea is — the greater tlie action the greater the velocity. 
Tlius the velocity shows whether or not external forces are acting on 
a body. The new clue found by Galileo is: if a body is neither 
pushed, pulled, nor acted on in any other way, or, more briefly, if no 
external forces act on a body, it moves uniformly, that is, always with 
the same along a straight line. Tims, the velocity does not 

show whether or not external forces are acting on a body. Galileo's 
conclusion, the correct one, was formulated a generation later by Newton 
as the law of inertia. It is usually the first thing about physics which 
we learn by heart in school, and some of us may remember it: 

Every body perseveres in its state of rest, or of unifonn motion in a 
right line, unless it is compelled to change that state by forces impressed 
thereon. 

We have seen that this law of inertia cannot be derived directly from 
experiment, but only by speculative thinking consistent with obserx^a- 
tion. The idealized experiment can never be actually performt^d, al- 
though it leads to a piofound understanding of real experiments. 

From the variety of complex motions in the world around us 
wc choose as our first example uniform motion. This is tlie simplest, be- 
cause tliere are no external forces acting. Uniform motion can, however, 
never be realized; a stone thrown from a tower, a cart pushed along a 
road can never move absolutely uniformly because we cannot eliminate 
the influence of external forces. 

In a good mystery story the most obvious clues often lead to the 
wrong suspects. In our attempts to understand the laws of natiue we 
find, similarly, that the most obvious intuitive explanation is often the 
wrong one. 

Human thought creates an ever-changing picture of the universe. 
Galileo's contribution was to destroy the intuitive view and replace it by 
a new one. This is tlie significance of Galileo's discovery. 



494 Albert Einstein & Leopold Inf eld 

But a further question concerning motion arises immediately. If 
the velocity is no indication of the external forces acting on a body, 
what is? The answer to this fundamental question was found by Galileo 
and still more concisely by Newton, and forms a further clue in our 
investigation. 

To find the correct answer we must think a little more deeply about 
the cart on a perfectly smooth road. In our idealized experiment the 
uniformity of the motion was due to the absence of all external 
forces. Let us now imagine that the uniformly moving cart is given a 
push in the direction of the motion. What happens now? Obviously its 
speed is increased. Just as obviously, a push in the direction opposite to 
that of tlie motion would decrease the speed. In the first case the cart is 
accelerated by the push, in the second case decelerated, or slowed 
down. A conclusion follows at once: the action of an external force 
changes the velocity. Thus not the velocity itself but its change is a 
consequence of pushing or pulling. Such a force either incr(*ases or de- 
creases the velocity according to whether it acts in the direction of mo- 
tion or in the opposite direction. Galileo saw this clearly and wrote in 
his Two New Sciences: 

. . . any velocity once imparted to a moving body will be rigidly main- 
tained as long as the external causes of acceleration or retardation are 
removed, a condition which is found only on horizontal planes, for in the 
case of planes which slope downwards there is already present a cause 
of acceleiation; while on planes sloping upward there is retard.! tion; from 
this it follows that motion along a horizontal plane is peipetual; for, if the 
velocity be uniform, it cannot be diminished or slackened, much less de- 
stroyed. 

By following the right clue we achieve a deeper understanding of the 
problem of motion. The connection between force and the change of 
velocity and not, as we should think according to our intuition, the 
connection between force and the velocity itself is the basis of classical 
mechanics as formulated by Newton. 

We have been making use of two concepts which play principal roles 
in classical mechanics: force and change of velocity. In the further de- 
velopment of sciemee both of these concepts are extended and gener- 
alized. They must, therefore, be examined more closely. 

What is force? Intuitively, we feel what is meant by this term. 
The concept arose from the effort of pushing, throwing or pulling; from 
the muscular sensation accompanying each of these ac ts. But its gener- 
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alization goes far beyond these simple examples. We can think of force 
even without picturing a horse pulling a carriage! We speak of the force 
of attraction between the sun and the earth, the earth and the moon, 
and of those forces which cause the tides. We speak of the force by 
which the earth compels ourselves and all the objects about us to re- 
main within its sphere of influence, and of the force with which the 
wind makes waves on the sea, or moves the leaves of trees. When and 
where we observe a change in velocity, an external force, in the gen- 
eral sense, must be held responsible. Newton wrote in his Principia: 

An impressed force is an action exerted upon a body, in order to change 
its state, either of rc^t, or of moving uniformly forward in a right line. 

This force consists in the action only; and remains no longer in the 
body, when the action is over. For a body maintains every new state it ac- 
quires, by its vis inertiae [force of inertia] only. Impressed forces are of 
different origins; as from percussion, from pressure, from centripetal force. 

If a stone is dropped from the top of a tower its motion is by no 
means uniform; the velocity increases as the stone falls. We conclude: 
an external forc^e is acting in the direction of the motion. Or, in other 
words: the earth attracts the stone. I^t us take another example. What 
happens when a stone is thrown straight upward? The velocity de- 
creases until the stone reaches its highest point and begins to fall. This 
decrease in velocity is caused by the same force as the acceleration of a 
falling body. In one case the force acts in the direction of the motion, in 
the other case in the opposite direction. The force is the same, but it 
causes acceleration or deceleration according to whether the stone is 
dropped or thrown upward. 

Vectors. All motions we have been considering are rectilinear, that 
is, along a straight line. Now we must go one step further. We gain an 
understanding of the laws of nature by analyzing the simplest cases and 
by leaving out of our first attempts all intricate complications. A straight 
line is simpler than a ('urve. It is, however, impossible to be satisfied 
with an understanding of rectilinear motion alone. The motions of the 
moon, the earth and the planets, just those to which the principles of 
mechanics have been applied with sucl. brilliant success, are motions 
along curved paths. Passing from rectilinear motion to motion along a 
cur\'ed path brings new difficulties. We must have the courage to over- 
come them if we wish to understand the principles of classical me- 
chanics which gave us the first clues and so formed the starting point 
for the development of science. 



496 Albert Einstein & Leopold Inf eld 

Let us consider another idealized experiment, in which a perfect sphere 
rolls uniformly on a smooth table. We know that if the sphere is given a 
push, that is, if an external force is applied, the velocity will be 
changed. Now suppose that the direction of the blow is not, as in the 
example of the cart, in the line of motion, but in a quite different direc- 
tion, say, perpendicular to that line. What happens to the sphere? Three 
stages of the motion can be distinguished: the initial motion, the action 
of the force, and the final motion after the force has ceased to act. 
According to the law of inertia the velocities before and after the ac- 
tion of the force are both perfectly uniform. But there is a difference be- 
tween the uniform motion before and after the action of the force: 
the direction is changed. The initial path of the sphere and the direc- 
tion of the force are perpendicular to each other. The final motion will be 
along neither of these two lines, but somewhere between them, nearer 
the direction of the force if the blow is a hard one and the initial velocity 
small, nearer the original line of motion if the blow is gentle and the 
initial velocity great. Our new conclusion, based on the law of inertia, 
is: in general the action of an external force changes not only the 
speed but also the direction of the motion. An understanding of this 
fact prepares us for the generalization introduced into physics by the 
concept of vectors. 

We can continue to use our straightforward method of 'Reasoning. 
The starting point is again Galileo’s law of inertia. We are still far from 
exhausting the consequences of this valuable clue to the puzzle of 
motion. 

Let us consider two spheres moving in different directions on a 
smooth table. So as to have a definite picture we may assume the two 
directions perpendicular to each other. Since there are no external forces 
acting, the motions are perfectly uniform. Suppose, further, that the 
speeds are equal, that is, both cover the same distance in the same 
interval of time. But is it correct to say that the two spheres have tlie 
same velocity? The answer can be yes or nol If the speedometers of two 
cars both show forty miles per hour it is usual to say that they have the 
same speed or velocity, no matter in which direction they are traveling. 
But science must create its own language, its own concepts, fof its own 
use. Scientific concepts often begin with those used in ordinary language 
for the affairs of everyday life, but they develop quite differently. 
They are transformed and lose the ambiguity associated with them in 
ordinary language, gaining in rigorousness so that they may be applied to 
scientific thought. 
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From the physicists point of view it is advantageous to say that the 
velocities of the two spheres moving in different directions are differ- 
ent. Altfiough purely a matter of convention, it is more convenient to 
say that four cars traveling away from the same traffic circle on differ- 
ent roads do not have the same velocity even though the speeds, as 
registered on the speedometers, are all forty miles per hour. This 
differentiation between speed and velocity illustrates how physics, start- 
ing with a concept used in everyday life, changes it in a way which 
proves fruitful in the further development of science. 

If a length is measured, the re- 
sult is expressed as a number of 
units. The length of a stick may be 
3 ft. 7 in.; the weight of some ob- 
ject 2 lb. 3 oz.; a measured time 
interval so many minutes or sec- 
onds. In rati, of these cases the 
result of the measurement is ex- 
pressed by a number. A number 
alone is, however, insufficient for 
describing some physical concepts. 

The recognition of this fact marked 
a distinct advance in scientific in- 
vestigation. A direction as well as 
a number is essential for the char- 
acterization of a velocity, for example. Such a quantity, possessing both 
magnitude and direction, is called a vector, A suitable symbol for it is an 
arrow. Velocity may be represented by an arrow or, briefly speaking, by 
a vector whose length in some chosen scale of units is a measure of the 
speed, and whose direction is that of tlie motion. 

If four cars diverge with equal speed from a traffic drcle, their ve- 
locities can be represented by four vectors of the same length, as seen 
from our last drawing. In the scale used one inch stands for 40 m.p.h. 
In this way any velocity may be denoted by a vector, and conversely, if 
the scjale is known, one may ascertain tlie velocity from such a vec- 
tor diagram. 

^ If two cars pass each other on the highway and 
their speedometers both show 40 m.p.h. we charao- 
terize their velocities by two different vectors with 
^ arrows pointing in opposite directions. So also the ar- 

rows indicating “uptown” and “downtown” subway trains must point in 
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opposite directions. But all trains moving uptown at different stations or 
on different avenues with the same speed have the same velocity, which 
may be represented by a single vector. There is nothing about a vector to 



ferent, because they differ either ii 
four vectors may be drawn in anot 


indicate which stations the train 
passes or on which of the many paral- 
lel tracks it is running. In other words, 
according to the accepted convention, 
all such vectors, as drawn [at left], 
may be regarded as equal; they lie 
along the same or parallel hnes, are of 
equal length, and finally, have ar- 
rows pointing in the same direction. 
The next figure shows vectors all dif- 
length or direction, or both. The same 
ler way, in which they all diverge from 



a common point. Since the starting point does not matter, these vectors 
can represent the velocities of four cars moving away from the same traf- 
fic circle, or the velocities of four cars in different 
parts of the country traveling with the indicated 
speeds in the indicated directions. 

This vector representation may now be used to 
describe the facts previously discussed concerning 
rectilinear motion. We talktnl of a cart, moving 
uniformly in a straight line and receiving a push 
in the direction of its motion which increases its 
velocity. Graphically [p. 499] this may be repre- 
sented by two vectors, a shorter one denoting the 
velocity before the push and a longer one in the 
same direction denoting the velocity after the push. The meaning of the 
dotted [dashed] vector is clear; it represents the change in velocity for 
which, as we know, the push is responsible. For the case where the force 
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is directed against the motion, where the motion is slowed down, the dia- 
gram is somewhat different. Again the dotted vector corresponds to a 
change in velocity, but in this case its direction is different. It is clear that 
not only velocities themselves but also 

their changes are vectors. But every ^ ^ ^ 

change in velocity is due to the action 2 

of an external force; thus the force ^ 

must also be represented by a vector. In order to characterize a force it 
is not sufficient to state how hard we push the cart; we must also say in 
which direction we push. The force, like the velocity or its change, must 

be represented by a vector and not by 

^ a number alone. Therefore: the ex- 

2 ternal force is also a vector, and must 

have the same direction as the change 
in velocity. In the last two drawings the dotted vectors show the direc- 
tion of the force as truly as they indicate the change in velocity. 

Here tht' skeptic may remark that he sees no advantage in the introduc- 
tion of vectors. All that has been accomplished is the translation of previ- 
ously recognized facts into an unfamiliar and complicated language. At 
this stage it would indeed be difficult to convince him that he is wrong. 
For the moment he is, in fact, right. But we shall see that just this strange 
language leads to an important generalization in which vectors appear 
to be essential. 


The Riddle of Motion. So long as we deal only with motion along 
a straight line we are far from understanding the nujtions obser\'ed in 
nature. We must consider motions along curved pathv. and our next 
step is to determine the laws governing such motions. This is no easy 
task. In the cas(' of rectilinear motion our concepts of velocitv% change 
of velocity, and forcK.' proved most useful. But we do not immediately 
see how we can apply them to motion along a curs^ed path. It is indeed 
possible to imagine that (he old concepts arc unsiiited to the descrip- 
tion of general motion, and that new ones must be created. Should we try 
to follow our old path, or S(M"k a new one? 

The generalization of a concc'pt is a process ver\^ often used in sci- 
ence. A method of generalization is not uniquely detci mined, for 
there are usually numerous ways of carrying it out. One requirement, 
however, must be rigorously satisfied: any generalized concept must 
reduce to the original one when the original conditions are fulfilled. 

We can best explain this by the example \rith which we are now 
dealing. We can try to generalize the old concepts of velocity, change 
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of velocity and force for the case of motion along a curved path. Tedi- 
nicaUy, when speaking of curves, we include straight lines. The straight 
line is a special and trivial example of a curve. If, therefore, velocity, 
change in velocity and force are introduced for motion along a 
curved line, then they are automatically introduced for motion along a 
straight hne. But this result must not contradict those results previ- 
ously obtained. If the curve becomes a straight line, all the generalized 
concepts must reduce to the familiar ones describing rectilinear mo- 
tion. But this restriction is not sufficient to determine the generaliza- 
tion uniquely. It leaves open many possibilities. The history of science 
shows that the simplest generahzations sometimes prove successful and 
sometimes not. We must first make a guess. In our case it is a simple 
matter to guess the right method of generalization. The new concepts 
prove very successful and help us to understand the motion of a 
thrown stone as well as that of the planets. 

And now just what do the words velocity, change in velocity, and 
force mean in the general case of motion along a am^ed line? Let us be- 
gin with velocity. Along the curve a very small body is moving from 
left to right. Such a small body is often called a particle. The dot on the 
curve in our drawing shows the position of the particle at some instant 
of time. What is the velocity corresponding to this time and position? 



Again Galileos clue hints at a way of introducing the velocity. We 
must, once more, use our imagination and think about an idealized ex- 
periment. The particle moves along the curve, from left to right, under 
the influence of external forces. Imagine that at a given time and at the 
point indicated by the dot, all these forces suddenly cease to act. Then, 
the motion must, according to the law of inertia, be uniform. In prac- 
tice we can, of course, never completely free a body from all external 
influences. We can only surmise "what would happen if . . . ?*’ and 
judge the pertinence of our guess by the conclusions which can be 
drawn from it and by their agreement with experiment. 

The vector in the next drawing indicates the guessed direction of the 
uniform motion if all external forces were to vanish. It is the direction 
of the so-caUed tangent. Looking at a moving particle through a micro- 
scope one sees a very small part of the curve, which appears as a small 
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segment. The tangent is its prolongation. Thus the vector drawn repre- 
sents the velocity at a given instant. The velocity vector lies on the 



tangent. Its length represents the magnitude of the velocity, or the speed 
as indicated, for instance, by the speedometer of a car. 

Our idealized experiment about destroying the motion in order to 
find the velocity vector must not be taken too seriously. It only helps us 
to understand what we should call tlie velocity vector and enables us to 
determine it for a given instant at a given point. 

In the next drawing, the velocity vectors for three diflEerent positions 
of a partieh ^ '0^^ng along a curve are shown. In this case not only the 



direction but the magnitude of the velocity, as indicated by the length 
of the vector, varies during the motion. 

Does this new concept of velocity satisfy the requiicment formulated 
for all generalizations? That is: does it reduce to the faiiiiliar concept if 
the curve becomes a straight line? ObWously it does. The tangent to a 
straight line is tlie line itself. The velocity vector lies in the line of 
the motion, just as in the case of the mo\Tng cart or the rolling spheres. 

The next step is the introduction of the change in velocity of a parti- 
cle moving along a curve. This also may be done in various ways, from 
which we choose tlie simplest and most ainvenient. The last draw- 
ing showed several velocity vectors representing the motion at various 



points along the path. Tlie first two of these may be drawn again so 
that they have a common starting point, as wc have seen is possible 
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with vectors. The dotted vector, we call the change in velocity. Its 
starting point is the end of the first vector and its end point the end 

of the second vector. This definition of the change in velocity may, at 

first sight, seem artificial and meaningless. It becomes much clearer in 
the special case in which vectors (i) and (2) have the same direc- 
tion. This, of course, means going over to the case of straight-line mo- 
tion. If both vectors have the same initial point the dotted vector again 
connects their end points. The drawing is now identical with that on 
page 499, and the previous concept is regained as a special case of the 

new one. We may remark that we 

^ ^ ^ had to separate the two lines in our 

2 drawing since otherwise they would 

^ coincide and be indistinguishable. 

We now have to take the last step in our process of generalization. It is 
the most important of all the guesses we have had to make so far. Tlic 
connection between force and change in velocity has to be established 
so that we can formulate the clue which will enable us to understand 
the general problem of motion. 

The clue to an explanation of motion ahmg a straight line was sim- 
ple: external force is responsible for change in velocity; the force vec- 
tor has the same direction as the change. And now what is to bc‘ re- 
garded as the clue to curvilinear motion? Exactly the same! 1 'he only 
difference is that change of velocity has now a broader meaning llian 
before. A glance at the dotted vectors of the last two drawings shows 
this point clearly. If the velocity is known for all points along the curve, 
the direction of the force at any point can be dc^diiced at once. One 
must draw the velocity vc'ctors for two instants separated by a v<*ry 
short time-interval and therefore corresponding to positions very near 
each other. The vector from the end pf)int of the first to that of the sec- 
ond indicates the dire.ction of the acting force*. But it is essential that 
the two velocity vectors should be separatc'd only by a ‘Very short’' 
time-interval. The rigorous analysis of such words as “very near,” “very 
short” is far from simple. Indeed it was this analysis which led Newton 
and Leibnitz to the discovery of differential (*alc‘ulus. 

It is a tedious and elaborate path which leads to the generalization 
of Galileo’s clue. We cannot show liere how abundant and fruitful the 
consequences of this generalization have proved. Its application l<*ads 
to simple and c'onvincing explanations of many facts previously incx)- 
herent and misundcrstfK)d. 

From the extremely rich variety of motions we shall take only the 
simplest and apply to their explanation the law ju.st formulated. 
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A bullet shot from a gun, a stone thrown at an angle, a stream of 
water emerging from a hose, all describe familiar paths of the same 
type, the parabola. Imagine a speedometer attached to a stone, for 
example, so that its velocity vector may be drawn for any instant. The 



result may well be that represented in the last drawing. The direction 
of the force acting on the stone is just that of the change in velocity, 
and we have seen how it may be determined The result, shown in the 
next drawing, indicates that the force is vertical, and directed down- 



2 

ward. It is exactly the same as when a stone is allowed to fall from 
the top of a tower. The paths aie quite difiFerent, as also are the ve- 
locities, but the change in velocity has the same direction, that is, 
toward the center of the earth. 

A stone attached to the end of 
a string and swung around in a 
horizontal plane moves in a cir- 
cular path. 

All the vectors in the diagram 
representing this motion have 
the same length if the speed is 
uniform. Nevertheless, the veloc- 
ity is not uniform, for the path 
is not a straight line. Only in 
uniform, rectilinear motion are 
there no forces involved. Here, 
however, there are, and the ve- 
locity changes not in magnitude 
but in direction. According to the law or motion mere must oe some torce 
responsible for this change, a force in this case between tlie stone and 
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the hand holding the string. A further question arises immediately: in 
what direction does the force act? Again a vector diagram shows tlie an- 
swer. The velocity vectors for two very near 
^ ^ . points are drawn, and the change of velocity 

^ found. This last vector is seen to be directed along 

I the string toward the center of the circle, and is 

I always perpendicular to the velocity vector, or 

I tangent. In other words the hand exerts a force on 

■ the stone by means of the string. 

Wery similar is the more important example of the revolution of the 
moon around the earth. This may be represented approximately as uni- 
form circular motion. The force is directed toward the earth for the same 


reason that it was directed toward the hand in our former example. 
There is no string connecting the earth and the moon, but we can im- 
agine a line between the centers of the two bodies; the force lies along 
this line and is directed toward the center of the earth, just as the 
forc^e on a stone thrown in the air or dropped from a tower. 

All that we have said concerning motion can be summed up in a 
single sentence. Force and change of velocity are vectors Jujving the 
same direction. This is the initial clue to the problem of motion, but it 
certainly does not suffice for a thorough explanation of all motions 
observed. The transition from Aristotle’s line of tliought to that of 
Galileo formed a most important cornerstone in the foundation of sci- 
ence. Once this break was made, the line of further development was 
clear. Our iiiterest here lies* in the first stages of development, in follow- 
ing initial clues, in showing how new physical concepts are born in 
the painful struggle with old ideas. We are concerned only with pio- 
neer work in science, which consists of finding new and unexpected 
paths of development; with the adventures in scientific thought which 
create an ever-changing picture of the universe. The initial and fun- 
damental steps are always of a revolutionary character. Scientific imagi- 
nation finds old concepts too confining, and replaces them by new ones. 
The continued development along any line already initiated is more 
in the nature of evolution, until the next turning point is reached 
when a still newer field must be conquered. In order to iindeilstand, how- 
ever, what reasons and what difficulties force a change in important 
concepts, we must know not only the initial clues, but also the conclu- 
sions which can be drawn. 


One of the most important characteristic's of modem physics is that 
the conclusions drawn from initial clues are not only qualitative but 
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also quantitative. Let us again consider a stone dropped from a 
tower. We have seen that its velocity increases as it falls, but we should 
like to know much more. Just how great is this change? And what is 
the position and the velocity of the stone at any time after it begins 
to fall? We wish to be able to predict events and to determine by experi- 
ment whether observation confirms these predictions and thus the 
initial assumptions. 

To draw quantitative conclusions we must use the language of 
mathematics. Most of the fundamental ideas of science are essentially 
simple, and may, as a rule, be expressed in a language comprehensible 
to everyone. To follow up these ideas demands the knowledge of a 
highly refined technique of investigation. Mathematics as a tool of 
reasoning is necessary if we wish to draw conclusions which may be 
compared with experiment. So long as we are concerned only with fun- 
damental physical ideas we may avoid the language of mathematics. 
Since in these pages we do this consistently, we must occasionally 
restrict ourselves to quoting, witliout proof, some of the results neces- 
sary for an understanding of important clues ari^^ing in the further 
developnu'nt. The price which must be paid for abandoning the lan- 
guage of mathematics is a loss in precision, and the necessity of some- 
times quoting results without showing how they were reached. 

A very important example of motion is that of the earth around the 
sun. It is known that the path is a closed curve, called the ellipse. The 
constniction of a vector diagiam of the change in velocity shows 
that the force on the earth is directed toward the sun. But this, after 
all, is scant information. We 
should like to be able to pre- 
dict the position of the earth 
and the other planets for any 
arbitrary instant of time, we 
should like to predict the date 
and duration of tlic next solar 
eclipse and many other astro- 
nomical events. It is possible to 
do these things, but not on the 
basis of our initial clue alone, 
for it is now necessary to know not only the direction of the force but also 
its absolute value, its magnitude. It was Newion who made the inspired 
Puess on this point. According to his law of gravitation the force of at- 
traction between two bodies depends in a simple way on their distance 
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from each other. It becomes smaller when the distance increases. To be 
specific it becomes 2X2 = 4 times smaller if the distance is dou- 
hledy 3X3 = 9 times smaller if the distance is made three times as 
great. 

Thus we see that in the case of gravitational force we have suc- 
ceeded in ejcpressing, in a simple way, tlie dependence of tlie force 
on the distance between the moving bodies. We proceed similarly 
in all other cases where forces of different kinds, for instance, elec- 
tric, magnetic, and the like, are acting. We try to use a simple expres- 
sion for the force. Such an expression is justified only when the con- 
clusions drawn from it are confirmed by experiment. 

But this knowledge of the gravitational force alone is not sufficient 
for a description of the motion of the planets. We have seen that vectors 
representing force and change in velocity for any short interval of 
time have the same direction, but we must follow Newton one step 
further and assume a simple relation between their lengths. Given all 
other conditions the same, that is, the same moving body and changes 
considered over equal time intervals, then, according to Newton, the 
change of velocity is proportional to the force. 

Thus just two complementary guesses are needed for quantitative 
conclusions concerning the motion of tlie planets. One is of a general 
character, stating the connection between force and change in ve- 
locity. The othCT is special, and states the exact depcudence of the 
particular land of force involved on the distance between the bodies. 
The first is Newton's general law of motion, the second his law of 
gravitation. Together they determine the motion. This can be made 
dear by the following somewhat clumsy-sounding reasoning. Sup- 
pose that at a given time the position and velocity of a planet can be 
determined, and that the force is known. Then, according to Newton s 
laws we know the change in velocity during a short time interviil. Know- 
ing the initial velocity and its change, we can find the velocity and posi- 
tion of the planet at the end of the time interval. By a continued 
repetition of this process the whole path of the motion may be traced 
without further recourse to observational data. This is, in principle, the 
way mechanics predicts the course of a body in motion, but die method 
used here is hardly practical. In practice such a step-by-step proce- 
dure would be extremely tedious as well as inaccurate. Fortimately, it is 
quite unnecessary; mathematics funtishes a short cut, and makes 
possible precise description of the motion in much less ink than we 
use for a single sentence. The conclusions reached in this way can 
be proved or disproved by observation. 
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The same kind of external force is recognized in the motion of a 
stone falling tlirough the air and in the revolution of the moon in its 
orbit, namely, that of the earth s attraction for material bodies. Newton 
recognized that the motions of falling stones, of the moon, and of 
planets are only very special manifestations of a universal gravita- 
tional force acting between any two bodies. In simple cases the mo- 
tion may be described and predicted by the aid of mathematics. In re- 
mote and extremely complicated cases, involving the action of many 
bodies on each other, a mathematical description is not so simple, but 
the fundamental principles are the same. 

We find tlie conclusions, at which we arrived by following our ini- 
tial clues, realized in the motion of a tlirown stone, in the motion of 
the moon, the earth, and the planets. 

It is really our whole system of guesses which is to be either proved 
or disproved by experiment. No one of the assumptions can be isolated 
for separate testing. In the case of the planets moving around the sun 
it is found lha! the system of mechanic's works splendidly. Neverthe- 
less we can well imagine that another system, based on different assump- 
tions, might work just as well. 

Physical concepts are free creations of the human mind, and are 
not, however it may seem, unicjuely d^^termined by the external 
world. In our endeavor to understand reality we are somewhat like a 
man tr)’ing to understand the mechanism of a closed watch. He sees 
the face and the nuwing hands, even hears its ticking, but he has no 
way of opening the case. If he is ingenious he may form some pic- 
ture of a mechanism which could be ic^ponsiblc for all the things 
he observi's, but he may never be quite sure his picture is the only one 
which could explain his observations. lie will never be able to com- 
pare his picture with the real mechanism and he cannot even imagine 
the possibility or the meaning of such a comparison. But he certainly 
believes that, as his knowledge increases, his picture of reality will be- 
come simpler and simpler and will explain a wider and wider range of 
his sensuous impressions. He may also believe in the existencx' of 
tlie ideal limit of knowledge and that it is approached by the human 
mind. He may call tliis ideal limit the objective truth. 

One Clue Remains . When first studjin^, mechanics one has the im- 
pression that every tiling in this branch of science is simple, funda- 
mental and settled for all time. One would hardly suspect the exist- 
ence of an important clue which no one noticed for tliree hundred years. 
The neglected clue is connected with one of the fimdamental con- 
cepts of mechanics, that of mass. 
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Again we return to the simple idealized experiment of the cart on a 
perfectly smooth road. If the cart is initially at rest and then given a 
push, it afterwards moves uniformly with a certain velocity. Suppose 
that the action of the force can be repeated as many times as de- 
sired, the mechanism of pushing acting in the same way and exerting 
the same forc^e on the same cart. However many times the experiment 
is repeated the final velocity is always the same. But what happens 
if the experiment is changed, if previously the cart was empty and 
now it is loaded? The loaded cart will have a smaller final velocity 
than the empty one. The conclusion is: if the same force acts on two 
diflFerent bodies, both initially at rest, the resulting velocities will 
not be the same. We say that the velocity depends on the mass of the 
body, being smaller if the mass is greater. 

We know, therefore, at least in theory, how to determine the mass 
of a body or, more exactly, how many times greater one mass is than 
another. We have identical forces acting on two resting masses. Find- 
ing that the velocity of the first mass is three times greater than that 
of the second we conclude that the first mass is three times smaller 
than the second. This is certainly not a very practical way of deter- 
mining the ratio of tw^o masses. We can, neverthel(\ss, well imagine 
having done it in tliis, or in some similar way, based upon the application 
of the law of inertia. 

How do we really determine mass in practice? Not, of course, in the 
way just described. Everyone knows the correct answer. We do it by 
weighing on a scale. 

Let us discuss in more detail the two difiEerent ways of determin- 
ing mass. 

The first experiment had nothing whatever to do with gravity, 
the attraction of the earth. The cart moves along a perfectly smooth 
and horizontal plane after the push. Gravitational force, which 
causes the c-art to stay on the plane, does not change, and plays no role 
in the determination of the mass. It is quite different with weighing. 
We could never use a scale if the earth did not attract bodies, if gravity 
did not exist. The difference between the two determinatiohs of mass 
is that the first has notliing to do with the force of gravity while the 
second is based essentially on its existence. 

We ask: if we determine the ratio of two masses in both wavs de- 

✓ 

scribed above do we obtain the same result? The answer given by ex- 
periment is quite clear. The results are exactly the sarnel Tins conclu- 
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sion could not have been foreseen, and is based on observation, not 
reason. Let us, for the sake of simplicity, call the mass determined in 
the first way the inertial mass and that d(*termined in the second way 
the gravitational nuiss. In our world it happens that they are equal but 
we can well imagine that this should not have been the case at all. An- 
other question arises immediately: is this identity of the two kinds 
of mass purely accidental, or docs it have a deeper significance? The an- 
swer, from the point of view of classical physics, is: the identity of 
the two masses is accidental and no deepiT significance should be 
attached to it. The answer of modern physics is just the opposite: the 
identity of the two masses is fundamental and forms a new and es- 
sential clue leading to a more profound understanding. This was, in 
fact, one of the most important clues from which the so-called general 
theory of relativity was developed. 

A mystery story seems inferior if it explains strange events as acci- 
dents. It is certainly more satisfying to have the story follow a ra- 
tional patterr In exactly the same way a theory which offers an explana- 
tion for the identity of gravitational and inertial mass is superior to 
one which interprets their identity as accicUmtal, provided, of course, 
that the two theories are (xpially c*onsistent with observed facts. 

Since this identity of inertial and gravitational mass was fundamental 
for the formulation of the theory of relativity we are justified in ex- 
amining it a little more closely here. What experiments prove convinc- 
ingly that the two masses are the same? The answer lies in Galileo's old 
experiment in which he dropped diflFerent masses from a tower. He no- 
ticed that the time recjiiired for the fall was always the same, that the 
motion of a falling body does not depend on the mass. To link this 
simple but highly important experimental result with the identity of the 
two masses needs some rather intricate rt^asoning. 

A body at rest gives way before the action of an external force, 
moving and attaining a certain velocity. It yields more or less easily, 
according to its inertial mass, resisting the motion more strongly if 
the mass is large than if it is small. We may say, without pretending 
to be rigorous: the readiness with which a body responds to the call of 
an external force depends on its inertial mass. If it were tnie that the 
earth attracts all bodies with the same f ^ce, that of greatest inertial 
mass would move more slowly in falling than any other. But this is 
not the case: all bodies fall in the same way. This means that the force 
by which the earth attracts different masses must be different. Now the 
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earth attracts a stone with the force of gravity and knows nothing about 
its inertial mass. The “calling^ force of the earth depends on the gravita- 
tional mass. The ^answering” motion of the stone depends on the inertial 
mass. Since the “answering"* motion is always the same — all bodies 
dropped from the same height fall in the same way — ^it must be de- 
duced that gravitational mass and inertial mass are equal. 

More pedantically a physicist formulates the same conclusion: the ac- 
celeration of a falling body increases in proportion to its gravitational 
mass and decreases in proportion to its inertial mass. Since all falling 
bodies have the same constant acceleration^ the two masses must be 
equal. 

In our great mystery story there are no problems wholly solved and 
settled for all time. After three hundred years we had to return to the 
initial problem of motion, to revise the procedure of investigation, 
to find clues which had been overlooked, thereby reaching a differ- 
ent picture of the surrounding universe. 

Is Heat a Substance? Here we begin to follow a new clue, one origi- 
nating in the realm of heat phenomena. It is impossible, however, to 
divide science into separate and unrelated sections. Indeed, we shall 
soon find that the new concepts introduced here are interwoven with 
those already familiar, and with those we shall still meet. A line of 
thought developed in one branch of science can very often be applied 
to the description of events apparently quite different in 'Character. In 
this process the original concepts are often modified so as to advance 
the understanding both of those phenomena from which they sprang 
and of those to which they are newly applied. 

The most fundamental concepts in the description of heat phenom- 
ena are temperature and heat. It took an unbelievably long time in the 
history of science for these two to be distinguished, but once this 
distinction was made rapid progress resulted. Although tliese concepts 
are now familiar to everyone we shall examine them closely, emphasiz- 
ing the differences between them. 

Our sense of touch tells us quite definitely that one body is hot and 
another cold. But this is a purely qualitative criterion, not sufficient for 
a quantitative description and sometimes even ambiguous. This is shown 
by a well-known experiment: we have three vessels containing, rcspi^c- 
tively, cold, warm and hot water. If we dip one hand into the cold 
water and the other into the hot, we receive a message from the first 
that it is cold and from the second that it is hot. If we then dip both 
hands into the same warm water we receive two aintradictory mes- 
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sages, one from each hand. For the same reason an Eskimo and a na- 
tive of some equatorial country meeting in New York on a spring day 
would hold different opinions as to whether the climate was hot or cold. 
We settle all such questions by the use of a thermometer, an instrument 
designed in a primitive form by Galileo. Here again that familiar 
namel The use of a thermometer is based on some obvious physical 
assumptions. We shall recall them by quoting a few lines from lec- 
tures given about a hundred and fifty years ago by Black, who 
contributed a great deal toward clearing up the difBculties con- 
nected with the two concepts, heat and temperature: 

By the use of this instrument we have learned, that if we take 1000, 
or more, different kinds of matter, such as metals, stones, salts, woods, 
feathers, wool, water and a variety of other fluids, although they be all at 
first of different heats, let them be placed together in the same room with- 
out a fire, and into which the sun does not shine, the heat will be com- 
municated h’om the hotter of these bodies to the colder, during some 
hours perhaps, or the course of a day, at tlie end of which time, if we ap- 
ply a thermometer to them all in succession, it wiU point precisely to the 
same degree. 

The italicized word heats should, according to present-day nomenclature, 
be replaced by the word temperatures. 

A physician taking the thennometer from a sick man s mouth might 
reason like this: “The thermometer indicates its own temperature by 
the length of its colunm of mercury. We assume that the length of the 
mercury column increases in proportion to the increase in temperature. 
But the thennometer was for a few minutes in contact with my patient, 
so that both patient and thermometer have the same temperature. I con- 
clude, therefore, that my patient's temperatiue is that registered on 
the thermometer.” The doctor probably acts mechanically, but he ap- 
plies physical principles without thinking about it. 

But does the tliermometer contain the same amount of heat as 
tlie body of the man? Of course not. To assiune tliat two bodies contain 
equal quantities of heat just because tlieir temperatures are equal 
would, as Black remarked, be 

taking a very hasty view of the subject. It is confounding the quantity of 
heat in different bodies with its general strength or intensity, though it is 
plain that these are two different things, and should always be distin- 
guished, when we are thinking of the distribution of heat. 
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An understanding of this distinction can be gained by considering a 
very simple experiment. A pound of water placed over a gas flame takes 
some time to change from room temperature to the boiling point. A 
much longer time is required for heating twelve pounds, say, of water 
in the same vessel by means of the same flame. We interpret this fact as 
indicating that now more of ‘'something” is needed and we call this 
“something” — heat. 

A further important concept, specific heat, is gained by the follow- 
ing experiment: let one vessel contain a pound of water and another 
a pound of mercury, both to be heated in the same way. The mercury 
gets hot much more quickly than the water, showing that less “lieat” 
is needed to raise the temperature by one degree. In general, difFenmt 
amounts of “heat” are required to change by one degree, say from 
40 to 41 degrees Fahrenheit, the temperatures of different substances 
such as water, mercury, iron, copper, wood, etc., all of the same mass. We 
say that each substance has its individual heat capacity, or specific heat. 

Once having gained the concept of heat we can investigate its nature 
more closely. We have two bodies, one hot, the other cold, or more 
precisely, one of a higher temperature than the other. We bring them 
into contact and free them from all other external influences Eventu- 
ally they will, we know, reach the same temperahire. But how does this 
take place? What happens between the instant they are jj^rought into 
contact and the achievement of equal temperatures? The picture of 
heat “flowing” from one body to another suggests itself, like water 
flowing from a higher level to a lower. This picture, though primitive, 
seems to fit many of the facts, so that the analogy runs: 

Water — Heat 

Higher level — Higher temperature 
Lower level — Lower temperature 

The flow proc'eeds until both levels, that is, both temperatures, are 
equal. This naive view can be made more useful by quantitative con- 
siderations. If definite masses of water and alcohol, each at a definite 
temperature, are mixed together, a knowledge of the specific heats will 
lead to a prediction of the final temperature of the mixture. Con- 
versely, an observation of the final temperature, together w^th a little 
algebra, would enable us to find the ratio of the two specific heats. 

We recognize in the concept of heat which appears here a similarity to 
other physical concepts. Heat is, according to our view, a substance, such 
as mass in mechanics. Its quantity may change or not, like money put 
aside in a safe or spent. The amount of money in a safe will remain 
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unchanged so long as the safe remains locked, and so will the 
amounts of mass and heat in an isolated body. The ideal Thermos 
bottle is analogous to such a safe. Furthermore, just as the mass of an 
isolated system is unchanged even if a chemical transformation takes 
place, so heat is conserved even though it flows from one body to an- 
other. Even if heat is not used for raising the temperature of a body 
but for melting ice, say, or changing water into steam, we can still think 
of it as a substancei and regain it entirely by freezing the water or 
liquefying the steam. The old names, latent heat of melting or vapori- 
zation, show that these concepts are drawn from the picture of heat 
as a substance. Latent heat is temporarily hidden, like money put 
away in a safe, but available for use if one knows the lock combina- 
tion. 

But heat is certainly not a substance in the same sense as mass. 
Mass can be detected by means of scales, but what of heat? Does a 
piece of iron weigh more when red-hot than when ice-cold? Experi- 
ment shows th ft does not. If heat is a substance at all, it is a weight- 
less one. The Ticat-substance” was usually called caloric and is our first 
acquaintance among a whole family of weightless substances. Later 
we shall have occasion to follow the histor)^ of the family, its rise and 
fall. It is sufficient now to note the birth of diis particular member. 

The purpose of any physical theory is to explain as wide a range of 
phenomena as possible. It is justified in so far as it does make events 
understandable. We have seen that the substance tli€*ory explains many 
of the heat phenomena. It will soon become apparent, however, that this 
again Ls a false clue, that heat cannot be regarded as a 'substance, ewen 
weightless. Tliis is clear if we think about some simple experiments 
which marked the beginning of civilization. 

We think of a s\ibstance as something which can be neither created nor 
destroyed. Yet primitive man created by friction sufficient heat to ig- 
nite wood. Examples of heating by friction are, as a matter of fact, 
much too numerous and familiar to need recounting. In all these cases 
some quantity of heat is created, a fact difficult to account for by the 
substance theory. It is true that a supporter of this theory could invent 
arguments to account for it. His reasoning would run something like 
this: “The substance theory can explain tl.‘ apparent creation of heat. 
Take the simplest example of two pieces of wood rubbed one 
against the other. Now rubbing is something which influences the 
wood and changes its properties. It is very likely that the properties 
are so modified tliat an unchanged quantity of heat comes to produce 
a higher temperature than before. After all, the only tiling we notice is 
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the rise in temperature. It is possible that the friction changes the 
specific heat of the wood and not the total amount of heat.** 

At this stage of the discussion it would be useless to argue with a sup- 
porter of the substance theory, for this is a matter which can be settled 
only by experiment. Imagine two identical pieces of wood and sup- 
pose equal changes of temperature are induced by diflEerent methods; 
in one case by friction and in the other by contact with a radiator, for 
example. If the two pieces have the same specific heat at the new tem- 
perature the whole substance theory must break down. There are very 
simple methods for determining specific heats, and the fate of the 
theory depends on the result of just such measurements. Tests which 
are capable of pronouncing a verdict of life or death on a theory occur 
frequently in the history of physics, and are called crucial experiments. 
The crucial value of an experiment is revealed only by the way the 
question is formulated, and only one theory of the phenomena can 
be put on trial by it The determination of the specific heats of two 
bodies of the same land, at equal temperatures attained by friction 
and heat flow respectively, is a typical example of a crucial experi- 
ment This experiment was performed about a hundred and fifty years 
ago by Rumford, and dealt a death blow to the substance theory of heat 
An extract from Rumford’s own account tells the story; 

It frequently happens, that in the ordinary affairs and occupations of 
life, opportunities present themselves of contemplating some of tlie most 
curious operations of Nature; and very interesting philosophical experi- 
ments might often be made, almost without trouble or expense, by means 
of machinery contrived for the mere mechanical purposes of the arts and 
manufactures. 

I have frequently had occasion to make this observation; and am per- 
suaded that a habit of keeping the eyes open to every thing that is going 
on in the ordinary course of the business of life has oftener led, as it were 
by accident, or in the playful excursions of the imagination, put into ac- 
tion by contemplating the most common appearances, to useful doubts, 
and sensible schemes for investigation and improvement, than all the more 
intense meditations of philosophers, in the hours expressly set apart for 
study. • • • 

Being engaged, lately, in superintending the boring of cannem, in the 
workshops of the military arsenal at Munich, I was struck with the very 
considerable degree of Heat which a brass gun acquires, in a short time, 
in being bored; and with the still more intense Heat (much greater than 
that of boiling water, as I found by experiment) of the metallic chips sepa- 
rated from it by the borer. • • • 
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From whence comes the Heat actually produced in the mechanical op- 
eration above mentioned? 

Is it furnished by the metallic chips which are separated by the borer 
from the solid mass of metal? 

If this were the case, then, according to the modem doctrines of latent 
Heat, and of caloric, the capacity ought not only to be changed, but the 
change undergone by them should be sufficiently great to accoimt for all 
the Heat produced. 

But no such change had taken place; for I found, upon taking equal 
quantities, by weight, of these chips, and of thin slips of die same block 
of metal separated by means of a fine saw and putting them, at the same 
temperature (that of boiling water), into equal quantities of cold water 
(that is to say, at the temperature of 5^2° F.) the portion of water into 
which the chips were put was not, to all appearance, heated either less 
or more than the other portion, in which the sfips of metal were put. 

Finally we reach his conclusion: 

And, ’*1 iva^oning on this subject, we must not forget to consider that 
most remarkable circumstance, that the source of the Heat generated by 
friction, in these Experiments, appeared evidently to be inexhaustible. 

It is hardlv necessary to add, that anything which any insulated body, 
or s\stem of bodies, can continue to furnish uAthout limitation, cannot 
possibly be a material substance; and it appears to me to be extremely 
difficult, if not quite impossible, to form anv distinct idea of anything, 
Ctipablc of being excited and communicated, in the manner the Heat was 
excited tmd conmiunicated in these Experiments, except it be motion. 

Thus we see the breakclowm of the old theory, or to be more exact, 
see that the substance theoiy is limited to problems of heat flow. 
Again, as Rumford has intimated, we must seek a new clue. To do tliis, 
k^t us leave for the moment the problem of heat and return to me- 
chanics. 

The Roller Coaster. Let us trace the motion of that popular tlirill- 
giver, the roller coaster. A small car is lifted or driven to the highest 
point of the track. \Mien set free it starts rolling down under the 
force of gravity, and then goes np and down along a fantastically curved 
line, giving tlie ocaipants a thrill by the sudden changes in velocity. 
Every roller coaster has its highest poii : that from wdiich it starts. 
Never again, throughout the whole course of the motion will it reach 
the same height. A complete description of the motion wnuld be very 
complicated. On the one hand is the mechanical side of the problem, 
tlie changes of velocity and position in time. On the other tliere is friction 
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and therefore the creation of heat, on the rail and in the wheels. The 
only significant reason for dividing the physical proce'ss into these 
two aspects is to make possible the use of the concepts previously dis- 
cussed. The division leads to an idealized cxpcTinient, for a physical 
process in which only the mechanical aspect appears can be only 
imagined but never realized. 

For the idealized experiment we may imagine that someone has 
learned to eliminate entirely the friction which always accompanies 
motion. He decides to apply his discovery to the construction of a 
roller coaster, and must find out for himself how to build one. The 
car is to run up and down, with its starting point, say, at one hun- 
dred feet above ground level. lie soon discovers by trial and error that 



he must follow a very simple rule: he may build his track in whatever 
path he pleases so long as no point is higher than the starling point. If 
the car is to proceed freely to the end of the course its height may 
attain a hundred feet as many times as he likes, but never exceed it. 
The initial height can never be reached by a car on an actual track 
because of friction, but our hypothetical engineer need not consider 
that. 

Let us follow the motion of the idealized car on the idealized roller 
coaster as it begins to roll downward from the starting point. As it 
moves its distance from the ground dirninislu^s, but its speed increases. 
This sentence at first sight may remind us of one from a language les- 
son: “I have no pencil, but you have six oranges.” It is not so stupid, 
however. There is no connection between my having no pencil and 
your having six oranges; but there is a vcTy real cxirrelation between 
the distance of the car from the ground and its speed. We can 
calculate the speed of the car at any moment if we know how high it 
happens to be above the giound, but we omit this point here because 
of its quantitative character which can best be expressed by mathemati- 
cal formulae. 
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At its highest point the car has zero velocity and is one hundred feet 
from the ground. At the lowest possible point it is no distance from 
the ground, and has its greatest velocity. These facts may be expressed in 
other terms. At its highest point the car has poiential energy but no 
kinetic energy or energy of motion. At its lowest point it has the greatest 
kinetic energy and no potential energy whatever. At all intermediate 
positions, where there is some velocity and some elevation, it has 
both kinetic and potential energy. The potential energy increases with 
the elevation, while the kinetic energy becomes greater as the ve- 
locity increases. The principles of mechanics siifEce to explain the mo- 
tion. Two expressions for energy occur in the mathematical descrip- 
tion, each of which changes, although the sum does not vary. It is thus 
possible to introduce mathematically and rigorously the concepts of 
potential energy, depending on position, and kinetic energy, depend- 
ing on velocity. The introduction of the two names is, of course, arbitrary 
and justified only by convenience. The sum of the two quantities re- 
mains unch g^'d, and is called a constant of the motion. The total 
energ)^ kinetic plus potential, is like a substance, for example, money 
k('i)t intact as to amount but changed continually from one currency to 
another, say from dollars to pounds and back again, according to a 
well-defined rate of exchange. 



In the real roller coaster, where friction prevents the car from again 
reaching as high a point as that from which it started, there is still a 
continuous change between kinetic and potential energy. Here, how- 
ever, the sum docs not remain constant, but grows smaller. Now one 
important and courageous step more is needed to relate the mechanical 
and heat aspects of motion. The wealth of c'onsequences and generaliza- 
tions from this step will be seen later. 

Something more than kinetic and potential energies is now in- 
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volved, namely, the heat created by friction. Does this heat cmrespond 
to the diminution in mechanical energy, that is kinetic and potential 
energy? A new guess is imminent. If heat may be regarded as a form 
of energy, perhaps the sum of all three, heat, kinetic and potential en- 
ergies, remains constant. Not heat alone, but heat and other forms of 
energy taken together are, like a substance, indestructible. It is as if a 
man must pay himself a commission in francs for changing dollars to 
pounds, the commission money also being saved so that the sum of dol- 
lars, pounds, and francs is a fixed amount according to some definite 
exchange rate. 

The progress of science has destroyed the older concept of heat 
as a substance. We try to create a new substance, energy, with heat as 
one of its forms. 

The Rate of Exchange. Less than a hundred years ago the new clue 
which led to the concept of heat as a form of energy was guessed by 
Mayer and confirmed experimentally by Joule. It is a strange co- 
incidence that nearly all the fundamental work concerned with the na- 
ture of heat was done by nonprofessional physicists who regarded 
physics merely as their great hobby. There was tlie versatile Scotsman 
Black, the German physician Mayer, and the great American adven- 
tiurer Count Rumford, who afterward lived in Europe, and among 
other activities, became Minister of War for Bavaria. There was also 
the English brewer Joule who, in his spare time, performecT some most 
important experiments concerning the conservation of energy. 

Joule verified by experiment the guess that heat is a form of energy, 
and determined the rate of exchange. It is worth our wliile to see just 
what his results were. 

The kinetic and potential energy of a system together constitute its 
mechanical energy. In the case of the roller coaster we made a guess that 
some of the mechanical energy was converted into heat. If this is right 
there must be here and in all other similar physical processes a defi- 
nite rate of exchange between the two. This is rigorously a quantitative 
question, but the fact that a given quantity of mechanical energy can 
be changed into a definite amount of heat is highly important. We 
should like to know what number expresses the rate of exchange, fe., 
how much heat we obtain from a given amount of mechanical energy. 

The determination of this number was the object of Joule's researches. 
The mechanism of one of his experiments is very much like that of a 
weight clock. The winding of such a clock consists of elevating two 
weiglits, thereby adding potential energy to the system. If the clock is 
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not further interfered with it may be regarded as a closed system. Gradu- 
ally the weights fall and the clock runs. At the end of a certain time 
the weights will have reached their lowest position and the clock will 
have stopped. What has happened to the energy? The potential energy of 
the weights has changed into kinetic energy of the mechanism, and has 
then gradually been dissipated as heat. 

A clever alteration in this sort of mechanism enabled Joule to meas- 
ure the heat lost and thus the rate of exchange. In his apparatus two 
weights caused a paddle wheel to turn wliile immersed in water. The 
potential energy of the weights was changed into kinetic energy of 
the movable parts, and thence into heat wliich raised the temperature of 



the water. Joule measured this change of temperature and, making use 
of the known specific heat of water, calculated the amount of heat 
absorbed. He summarized tlie results of many trials as follows: 

1st. That the quantity of heat produced by the friction of bodies, 
whether solid or liquid, is always proportional to the quantity of force 
fby force Joule means eneigy] expended. And 
2T\d, That the quantity of heat capable of increasing the temperature 
of a pound of water (weighed in vacuo and taken at between 55® and 
60°) by 1® Falir. requires for its evolution the expenditure of a mechani- 
cal force [energy] represented by the fall of 772 lb. through the space of 
one foot 
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In other words the potential energy of 772 pounds elevated one 
foot above the ground is equivalent to the quantity of heat necessary to 
raise the temperature of one pound of water from 55° F. to 56*^ F. Later 
experimenters were capable of somewhat greater accuracy, but the 
mechanical equivalent of heat is essentially what Joule found in his pio- 
neer work. 

Once this important work was done, further progress was rapid. It 
was soon recognized that these kinds of energy, mechanical and heat, 
are only two of its many forms. Everything which can be converted 
into either of them is also a form of energy. The radiation given oflF 
by the sun is energ)', for part of it is transformed into heat on the earth. 
An electric current possesses energy, for it heats a wire or turns the wheels 
of a motor. Coal represents chemical energy, liberated as heat when 
the coal bums. In every event in nature one form of energ)' is being 
converted into another, always at some well-defined rate of exchange. 
In a closed system, one isolated from external influences, the energy is 
conserved and thus behaves like a substance. The sum of all possible 
forms of energy in such a system is constant, although the amount of 
any one kind may be changing. If we regard the whole universe as a 
closed system we can proudly announce with the physicists of the 
nineteenth cenhiry that the energy of the universe is invariant, that no 
part of it can ever be created or destroyed. 

Our two concepts of substance are, then, matter and eftergif. Both 
obey conservation laws; An isolated system cannot change either in 
mass or in total energy. Matter has weight but energy is weightless. 
We have therefore two different concepts and tw^o conservation laws. 
Are these ideas still to be taken seriously? Or has this apparently 
well-founded picture been changed in the light of newer developments? 
It hasi Further changes in the two concepts are connected with the 
theory of relativity. We shall return to this point later. 

The Philosophical Background. The results of scientific research very 
often force a change in the philosophical view of problems which ex- 
tend far beyond the restricted domain of science itself. What is the 
aim of science? What is demanded of a theory which attempts to de- 
scribe nature? These questions, although exceeding the bounds of 
physics, are intimately related to it, since science forms the material 
from which they arise. Philosophical generalizations must ba founded 
on scientific results. Once formed and widely accepted, however, they 
very often influence the further development of scientific thought by in- 
dicating one of the many possible lines of procedure. Successful revolt 
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against the accepted view results in unexpected and completely dif- 
ferent developments, becoming a source of new philosophical as- 
pects. These remarks necessarily sound vague and pointless until illus- 
trated by examples quoted from the history of physics. 

We shall here try to describe the first philosophical ideas on the aim 
of science. These ideas greatly influenced the development of physics 
until nearly a hundred years ago, when their discarding was forced 
by new evidence, new facts and theories, which in their turn formed 
a new background for science. 

In the whole history of science from Greek philosophy to modem 
physics there have been constant attempts to reduce the apparent com- 
plexity of natural phenomena to some simple fundamental ideas and 
relations. This is the underlying principle of all natural philosophy. 
It is expressed even in the work of the Atomists. Twenty-three cen- 
turies ago Democritus wrote: 

By convention sweet is sweet, by convention bitter is bitter, by conven- 
tion hot is hot, by convention cold is cold, by convention color is color. 
But in reality there are atoms and the void. That is, the objects of sense 
are supposed to be real and it is customary to regard them as such, but 
in truth they are not. Only the atoms and the void are real. 


Tliis idea remains in ancient philosophy nothing more than an in- 
genious figment of the imagination. Laws of nature relating subse- 
quent events were unknown to the Greeks. Science connecting theory 
and experiment really began with the work of Galileo. We have fol- 
lowed the initial clues leading to the laws of motion. Throughout two 
hundred years of scientific research force and matter were the under- 
lying concepts in all endeavors to understand nature. It is impossible to 
imagine one without the other because matter demonstrates its ex- 
istence as a source of force by its action on other matter. 

Let us consider the simplest example; two particles vdth forces acting 
between them. The easiest forces to 
imagine are those of attraction and re- 
pulsion. In both cases the force vectors 
lie on a line connecting the material 
points. The demand for simplicity leads 
to the picture of particles attracting or 
repelling each other; any other assump- 
tion about the direction of the acting forces would give a much more 
complicated picture. Can we make an equally simple assumption about 
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the length of the force vectors? Even if we want to avoid too special as- 
sumptions we can still say one thing: The force between any two given 
particles depends only on the distance between them, like gravitational 
forces. This seems simple enough. Much more complicated forces 
could be imagined, such as those which might depend not only on 
the distance but also on the velocities of the two particles. With mat- 
ter and force as our fundamental concepts we can hardly imagine 
simpler assumptions than that forces act along the line connecting 
the particles and depend only on the distance. But is it possible to 
describe all physical phenomena by forces of this land alone? 

The great achievements of mechanics in all its branches, its striking 
success in the development of astronomy, the application of its ideas to 
problems apparently different and non-mechanical in character, all these 
things contributed to the belief that it is possible to describe all natirral 
phenomena in terms of simple forces between unalterable objects. 
Throughout the two centuries foUowing Galileos time such an en- 
deavor, conscious or unconscious, is apparent in nearly all scientific 
creation. This was clearly formulated by Helmholtz about the middle 
of the nineteenth century: 

Finally, therefore, we discover the problem of physical material science 
to be to refer natural phenomena back to unchangeable attractive and 
repulsive forces whose intensity depends wholly upon distance. The solu- 
bility of this problem is the condition of the complete compreTiensibility 
of nature. 

Thus, according to Helmholtz, the line of development of science is 
determined and follows strictly a fixed course: 

And its vocation will be ended as soon as the reduction of nahural 
phenomena to simple forces is complete and the proof given tliat tliis is 
the only reduction of which the phenomena are capable. 

This view appears dull and naive to a twentieth-century physicist. 
It would frighten him to think that the great adventure of resejirch 
could be so soon finished, and an unexciting if infallible picture of 
the universe established for all time. 

Although these tenets, would reduce the description of all events to 
simple forces, they do leave open the question of just how the forces 
should depend on distance. It is possible that for different phenom- 
ena this dependence is different. The necessity of introducing many 
different kinds of force for different events is certainly unsatisfactory 
from a philosophical point of view. Nevertheless this so-called me- 
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chanical view, most dearly formulated by Helmholtz, played an im- 
portant role in its time. The development of the kinetic theory of 
matter is one of the greatest achievements directly influenced by the 
mechanical view. 

Before witnessing its decline, let us provisionally accept the point of 
view held by the physicists of the past century and see what conclu- 
sions we can draw from tlieir picture of the external world. 

The Kinetic Theory of Matter. Is it possible to explain the phenomena 
of heat in terms of the motions of particles interacting through simple 
forces? A closed vessel contains a certain mass of gas, air, for example, 
at a certain temperature. By heating we raise the temperature, and thus 
increase the energy. But how is this heat connected with motion? The 
possibility of such a connection is suggested both by our tentatively 
accepted philosophical point of view and by the way in which heat is 
generated by motion. Heat must be mechanical energy if every prob- 
lem is a mechanical one. The object of the kinetic theory is to present 
die concept of matter just in this way. According to this theory a 
gas is a congregation of an enormous number of particles, or mole- 
cules, moving in all directions, colliding with each other and changing 
in direction of motion with each collision. There must exist an aver- 
age speed of molecules, just as in a large human community there exists 
an average age, or an average wealth. There will therefore be an 
average kinetic energy per particle. More heat in the vessel means a 
greater average kinetic energy. Thus heat, according to this picture, is 
not a special form of energy different from the mechanical one but is 
just the kinetic energy of molecular motion. To any definite tempera- 
ture there corresponds a definite average kinetic energy per molecule. 
This is, in fact, not an arbitrary assumption. We are forced to regard the 
kinetic energy of a molecule as a measure of the temperatoe of the gas 
if we wish to form a consistent mechanical picture of matter. 

This dieory is more than a play of the imagination. It can be shown that 
the kinetic theory of gases is not only in agreement with experiment, 
but actually leads to a more profound understanding of the facts. This 
may be illustrated by a few examples. 

We have a vessel closed by a piston which can move freely. The ves- 
sel contains a certain amount of gas to be kept at a constant tem- 
perature. If the piston is initially at rest in some position it can be 
moved upward by removing and downward by adding weight. To push 
the piston down force must bo used acting against the inner pressure 
of the gas. What is the mechanism of this inner pressure according to 
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the kinetic theory? A tremendous number of particles constituting the 
gas are moving in aU directions. They bombard the walls and the 
piston, bouncing back like balls thrown against a wall. This continual 
bombardment by a great number of particles keeps the piston at a 
certain height by opposing the force of gravity acting downward on 
the piston and the weights. In one direction there is a constant gravi- 
tational force, in the other very many irregular blows from the mole- 
cules. The net effect on the piston of all these small irregular forces must 
be equal to tliat of the force of gravity if there is to be equilibrium. 


GRAVITATIONAL 



Suppose the piston 
were pushed down so as 
to compress the gas to a 
fraction of its former vol- 
ume, say one-half, its tem- 
perature being kept un- 
changed. What, according 
to the kinetic theory, can 
we expect to happen? 
Will the force due to the 


bombardment be more or less effective than before? The pai tide's are 
now packed more closely. Although the average' kinetic energy is still the 
same, the collisions of the particles with the piston will now occur more 
frequently and thus the total force will be greater. It is clear fiom this 
pictme presented by the kinetic theory that to kec'p the piston in this 
lower position more weight is recjuirc'd. This simple experimental 
fact is well known, but its prediction follows logically from the kinetic 
view of matter. 


Consider another experimental arrangement. Take two vessels con- 
taining equal volumes of difftTont gases, say hydrogen and nitrogen, 
both at the same temperature. Assume the two vessels arc closed with 
identical pistons, on which are equal weights. This means, briefly, that 
both gases have the same volume, temperature, and pressure. Since 
the temperature is the same, so, according to the theory, is the aver- 
age kinetic energy per particle. Since the pressures are equal, the two 
pistons are bombarded with the same total force. On the average 
every particle carries the same energy and both vessels have the 
same volume. Therefore, the number of molecules in each must be the 
same, although the gases are chemically different. This result is very 
important for the understanding of many chemical phenomena. It 
means that the number of molecules in a given volume, at a certain tern- 
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perature and pressure, is something which is characteristic, not of a 
parlicnlar gas, hut of all gases. It is most astonishing that the kinetic 
theory not only predicts the existence of such a universal number, but 
enables us to determine it. To this point we shall return very soon. 

The kinetic theory of matter explains quantitatively as well as qualita- 
tively the laws of gases as determined by experiment. Furthermore, 
the theory is not restricted to gases, although its greatest successes have 
been in this domain. 

A gas can be liquefied by means of a decrease of temperature. A fall 
in the temperature of matter means a decrease in the average 
kinetic energy of its particles. It is therefore clear that the average 
kinetic energy of a liquid particle is smaller than that of a corresponding 
gas particle. 

A striking manifestation of the motion of particles in liquids was 
given for the first time by the so-called Brownian movement, a re- 
markable phenomenon which would remain quite mysterious and in- 
comprehep’sib^' without the kinetic theory of matter. It was first ob- 
served by the botanist Brown, and was explained eighty years later, at 
the beginning of this century. The only apparatus necessary for ob- 
serving Brownian motion is a microscope, which need not even be a 
particularly good one. 

Brown was working with grains of pollen of certain plants, that is: 

particles or granules of unusually large size varying from one four-thou- 
sandth to about five-thousandth of an inch in length. 

He reports further; 

While examining the form of these particles immersed in water, I ob- 
served many of them evidently in motion. . . . These motions were such 
as to satisfy me, after frc(]uentlv repeated observation, that they arose 
neither from current in the fluid nor from its gradual evaporation, but be- 
longed to tlie particle itself. 

What Brown observed was the unceasing agitation of the granules 
when suspended in water and visible through the microscope. It is an 
impressive sight! 

Is the choice of particular plants essential for the phenomenon? 
Brown answercnl this question by repeating the experiment with many 
different plants, and found that all the granules, if sufficiently small, 
showed such motion when suspended in water. Fiu*thermorc, he found 
the same kind of testlcss, irrt'guhur motion in very^ small particles of in- 
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organic as well as organic substances. Even with a pulverized fragment 
of a sphinx he observed the same phenomenon! 

How is this motion to be explained? It seems contradictory to all 
previous experience. Examination of the position of one suspended par- 
ticle, say every thirty seconds, reveals the fantastic form of its path. The 
amazing thing is the apparently eternal character of the motion. A 
swinging pendulum placed in water soon comes to rest if not impelled 
by some external force. The existence of a never diminishing motion 
seems contrary to all experience. Tliis difiBculty was splendidly clarified 
by the kinetic theory of matter. 

Looking at water through even oiur most powerful microscopes we 
cannot see molecules and their motion as pictured by the kinetic theory 
of matter. It must be concluded that if the theory of water as a con- 
gregation of particles is correct, the size of the particles must bo 
beyond the limit of visibility of tlie best microscopes. Let us neverthe- 
less stick to the theory and assume that it represents a consistent pio- 
tiue of reality. The Brownian particles visible through a microscope 
are bombarded by the smaller ones composing the water itself. Ibe 
Brownian movement exists if the bombarded particles are suffi- 
ciently small. It exists because this bombardment is not uniform from all 
sides and cannot be averaged out, owing to its irregular and hap- 
hazard character. The observed motion is thus the result of the unob- 
servable one. The behavior of the big particles reflects tn some way 
that of the molecules, constituting, so to speak, a magnification so 
high that it becomes visible through the microscope. Tlie irregular 
and haphazard character of the path of the Brownian particles reflects 
a similar irregularity in the path of the smaller particles which con- 
stitute matter. We can understand, therefore, that a quantitative study of 
Brownian movement can give us deeper insight into the kiru'tic theory 
of matter. It is apparent that the visible Browm'an motion depends on 
the size of the invisible bombarding molecules. There would be no 
Brownian motion at all if the bombarding molecules did not possess a 
certain amount of energy or, in other words, if they did not have 
mass and velocity. That the study of Brownian motion can lead to 
a determination of the mass of a molecule is thert'fore not astonishing. 

Through laborious research, both theoretical and experiitiental, the 
quantitative features of the kinetic theory were formed. The clue origi- 
nating in tlie phenomenon of Brownian movement was om? of those 
which led to the quantitative data. The same data can be obtained in 
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di£Ferent ways, starting from quite different dues. The fact that all 
these methods support the same view is most important, for it demon- 
strates the internal consistency of the kinetic theory of matter. 



Consecutive positions The path averaged 

observed front these 

through a microscope consecutive positions, 

for one 

Brownian particle. 

Only one of the many quantitative results readied by eicperiment 
and tlieory will be mentioned here. Suppose we have a gram of the 
lightest of all elements, hydrogen, and ask; how many particles are 
there in this one gram? The answer will characterize not only hydro- 
gen but also all other gases, for we already know under what condi- 
tions two gases have the same number of particles. 

The theory enables us to answCT this question from certain meas- 
urements of the Brownian motion of a suspended particle. The answer 
is an astonishingly great number: a three followed by twenty-three other 
digilsl The number of molecules in one gram of hydrogen is 

303,000,000,000,000,000,000,000. 

Imagine the molecules of a gram of hydrogen so increased in size 
tliat they are visible through a microscope, say that the diameter be- 
comes one five-thousandth of an inch, such as that of a Brownian par- 
ticle. Then, to pack them dosely, we should have to use a box each 
side of which is about one-quarter of a mile long! 

We can easily calculate the mass of one such hydrogen molecule by 
dividing 1 by the number quoted above. The answer is a fantastically 
small number: 0.000 000 000 000 000 000 000 0033 grams, represent- 
ing the mass of one molecule of hydrogen. 
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The experiments on Brownian motion are only some of the many 
independent experiments leading to the determination of this num- 
ber which plays such an important part in physics. 

In the kinetic theory of matter and in all its important achievements 
we see the realization of the general philosophical program: to re- 
duce the explanation of all phenomena to tlie interaction between par- 
ticles of matter. 

We summarize: 

In mechanics the future path of a moving body can be predicted and 
its past disclosed if its present condition and the forces acting upon it 
are known. Thus, for example, the future paths of all planets can be 
foreseen. The active forces are Newtons gravitational forces depend- 
ing on the distance alone. The great results of classical mechanics sug- 
gest that the mechanical view can be consistently applied to all branches 
of physics, that all phenomena can be explained by the action of forces 
representing either attraction or repulsion, depending only upon dis- 
tance and acting between unchangeable particles. 

In the kinetic theory of matter we see how this view, arising from 
mechanical problems, embraces the phenomena of heat and how it leads 
to a successful picture of the structure of matter. 

THE DECLINE OF THE MECHANICAL VIEW 

The Two Electric Fluids,, The following pages contain a dull re- 
port of some very simple experiments. The account will be boring not 
only because the description of experiments is uninteresting in compari- 
son with their actual performance, but also because the meaning of the 
experiments does not become apparent until theory makes it so. Our 
purpose is to furnish a striking example of the role of theory in physics. 

1. A metal bar is supported on a glass base, and each end of the 
bar is connected by means of a wire to an electroscope. What is an 
electroscope? It is a simple apparatus consisting essentially of two 
leaves of gold foil hanging from the end of a short piece of metal. This 
is enclosed in a glass jar or flask and the metal is in contact Only with 
nonmetallic bodies, called insulators. In addition to the electroscope and 
metal bar we are equipped with a hard rubber rod and a piece of 
flannel. 

The experiment is performed as follows: we look to see whether the 
leaves hang close together, for this is their normal position. If by 
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chance they do not, a touch of the finger on the metal rod will bring 
them together. These preliminary steps being taken, the nibber rod is 
rubbed vigorously with the flannel and brought into contact with the 



metal. The leaves separate at oncel They remain apart even after the 
rod is removed. 

2. We pciTv^im another experiment, using the same apparatus as be- 
fore, again starting with the gold leaves hanging close together. This 
time we do not bring the rubbed rod into actual contact with the metal, 
but only near it. Again the leaves separate. But there is a difference! When 
the rod is taken away without having touched tlie metal, the leaves 
immediately fall back to their normal position instead of remaining 
separated. 

3. I.et us change the apparatus slightly for a third experiment. Sup- 
pose that the metal bar consists of two pieces, joined together. We 
rub the rubber rod with flannel and again bring 
it near tfie metal. The same phenomenon occurs, 
the leaves separate. But now let us divide the 
metal rod into its two separate parts and then 
take away the nibber rod. We notice that in this 
case the leaves remain apart, instead of falling 
back to their normal position as in the second experiment. 

It is difficult to evince enthusiastic interest in these simple and naiVe 
experiments. In the Middle Ages their performer would probably have 
been condemned; to us they seem both dull and illogical. It would be 
very diflGcult to repeat them, after reading the account only once, with- 
out becoming confused. Some notion of the theory makes them un- 
derstandable. We could say more: it is hardly possible to imagine 
such experiments performed as accidental play, without the pre-exist- 
ence of more or less definite ideas about their meaning. 
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We shall now point out tlie underlying ideas of a very simple and 
naive theory which explains all the facts described. 

There exist two electric fluids, one called positive ( + ) and the other 
negative ( — ). They are somewhat like substance in the sense already 
explained, in that the amount can be enlarged or diminished, but 
the total in any isolated system is preserved. There is, however, an es- 
sential diJOEerence between this case and that of heat, matter or energy. 
We have two electrical substances. It is impossible here to use the 
previous analogy of money unless it is somehow generalized. A body 
is electrically neutral if the positive and negative electric fluids ex- 
actly cancel each other. A man has nothing, either because he 
really has nothing, or because the amount of money put aside in his 
safe is exactly equal to the sum of his debts. We can compare the debit 
and credit entries in his ledger to the two kinds of electric fluids. 

The next assumption of the theory is that two electric fluids of the 
same kind repel each other, while two of the opposite land attract. Tliis 
can be represented graphically in the following way; 

A final theoretical assumption is neces- 
sary; There are two kinds of bodies, 
those in wliich the fluids can move fn^elv, 
called conductors, and those in which 
they cannot, called insulators. As is al- 
ways true in such cases, this division 
is not to be taken too seriously. The 
ideal conductor or insulator is a fiction 
which can never be realized. Metals, the 
earth, the human body, are all examples of conductors, although not 
equally good. Class, nibber, china, and the like are insulators. Air is 
only partially an insulator as everyone who has seen the described ex- 
periments knows. It is always a good excuse to ascrib(‘ the bad re- 
sults of electrostatic experiments to the humidity of the air, w’hich 
increases its conductivity. 

These theoretical assumptions are sufficient to ex'plain the three 
experiments described. We shall discuss them once more, in the same 
order as before, but in the light of the theory of electric flujds. 

1. The rubber rod, like all other bodies under normal conditions, 
is electrically neutral. It contains the two fluids, positive and negative, 
in equal amounts. By nibbing with flannel we separate them. This 
statement is pure convention, for it is the application of the terminol- 
ogy created by the theory to the description of the process of mb- 
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bing. The kind of electricity that the rod has in excess afterwards is 
called negative, a name which is certainly only a matter of conven- 
tion. If the experiments had been performed with a glass rod rubbed 
with cat's fur we should have had to call the excess positive, to conform 
with the accepted convention. To proceed with the experiment, we 
bring electric fluid to the metal conductor by touching it with the rub- 
ber. Here it moves freely, spreading over the whole metal including 
the gold leaves. Since the action of negative on negative is repul- 
sion, tlie two leaves try to get as far from each other as possible 
and the result is the observed separation. The metal rests on glass or 
some other insulator so that the fluid remains on the conductor, as long 
as the conductivity of the air permits. We understand now why we 
have to touch the metal before beginning the experiment. In this case 
the metal, the human body, and the earth form one vast conductor, with 
the electric fluid so diluted that practically nothing remains on the 
electroscope. 

2. This experiment begins just in the same way as the previous one. 
But instead of being allowed to touch tlie metal the rubber is now only 
brought near it. The hvo fluids in the conductor, being free to move, are 
separated, one attracted and the other repelled. They mix again when the 
rubber rod is removed, as fluids of opposite kinds attract each other. 

3. Now we separate the metal into two ptu-ts and afterwards re- 
move the rod. In this case the two fluids cannot mix, so that the gold 
leaves retain an excess of one electric fluid and remain apart. 

In tlie light of this simple tlicory all the facts mentioned here seem 
comprehensible. The same theory does more, enabling us to understand 
not only tlicse, but many 
other facts in the realm of 
“electrostatics." The aim of 
every theory is to guide us to 
new facts, suggest new ex- 
periments, and lead to the 
discovery of new phenomena 
and new laws. An example 
will make tliis clear. Imagine 
a change in the second ex- 
periment. Suppose I keep the 
rubber rod near the metal and at the same time touch the conductor with 
my finger. What will happen now? Theory answers: the repelled fluid 
( — ) can now make its escape through my body, with the result that only 
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one fluid remains, the positive. Only the leaves of the electroscope near 
tJic rubber rod will remain apart. An actual experiment confirms this pre- 
diction. 

The theory with which we are dealing is certainly naive and inade- 
quate from the jxunt of view of modem physics. Neverthek^ss it is a 
good example showing tlie characteristic features of every physical 

There are no eternal theories in science. It always happens that 
some of tlie facts predicated by a theory are dispioved bv experiment. 
Ever)" theory" has its period of gradual development and triumph, after 
which it may expcpence a rapid decline. The rise and fall of the sub- 
stance theory of heat, already discussed here, is one of many possible 
examples. Others, more profound and important, will be discussed later. 
Nearly every great advance in science arises from a crisis in the old 
theor)% through an endeavor to find a way out of the difficulties cre- 
ated. We must examine old ideas, old theories, altliough thev belong to 
the past, for this is the only way to understand the importance of the 
new ones and the extent of their validity. 

In the first pages of our book we compared the role of an in- 
vestigator to that of a detective w^ho, after gathering the recpiisite facts, 
finds the right solution by pure thinking. In one essential this compari- 
son must be regarded as highly superficial. Both in life and in detc'c- 
ti\e novels the crime is given. The detective must look^or k‘tters, 
fingerprints, bullets, guns, but at least he know^s that a murder has been 
committed. Tin’s is not so for a scientist. It should not be difficult to im- 
agine someone who knows absolutely nothing about electricity, sinc'e 
all the ancients lived happily enough without any know'ledge of it. 
Let this man be* given metal, gold foil, bottles, hard-rubber rod, flan- 
nel, in short, all the material reejuired for performing our three experi- 
ments. lie mav be a very cultured person, but he will piobably put 
w^ine into the bottle's, use the flannel for cleaning, and nevcT once en- 
tertain the idea of doing the things we have described. For tlie detec- 
tive the crime is given, the problem formulated: who killed Cock 
Robin? iTie scientist must, at least in part, cTimmit his own crime, as well 
as carry out the investigation. Moreover, his task is not to explain just 
one case, but all phenomena which have happened or may stifl happen. 

In the introduction of the c'oncept of fluids we see the influeiue of 
those mechanical ideas which attempt to explain everything by sub- 
stances and simple forces acting between them. To see whether the 
mechanical point of view can be applied to the description of elec- 
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trical phenomena, wo must consider the following problem. Two small 
spheres are given, both with an electric charge, that is, both carry- 
ing an excess of one electric fluid. We know that the spheres will 
either attract or repel each other. But does the force depend only 
on the distance, and if so, how? The simplest guess seems to be that 
this force depends on the distance in the same way as gravitational 
force, which diminishes, say, to one-ninth of its former strength if the dis- 
tance is made thiee times as great. The experiments performed by 
Coulomb showed that this law is reafly valid. A hundred years after New- 
ton discovered the law of gravitation. Coulomb found a similar de- 
pendence of elt'ctrical force on distance. The two major differences 
between Newton’s law and Coulomb’s law are: gravitational attraction is 
always present, while electric forces exist only if the bodies possess 
electric charges. In the gravitational case there is only attraction, 
but electric forces may either attract or repel. 

There arises here the same question which we considered in 
conncctior v *’?; heat. Are the electrical fluids weightless substances or 
not? In other words, is the weight of a piece of mc lal the same whether 
neutral or charged? Our scales show no difference. We conclude 
that the electric fluids arc also members of the family of weightless 
substances. 

Further progress in the theory of electricity requires the introduc- 
tion of two new concepts. Again w^e shall avoid rigorous definitions, 
using instead analogies with concepts already familiar. We remember 
how essential it was for an understanding of the phenomena of heat to 
distinguish between heat itself and temperature. It is equally impor- 
tant here to distinguish between electric potential and electric charge. 
The difference between the two concepts is made clear by the 
analogy: 

Electric potential — T('mperaturo 
Electric charge — Heat 

Two c'onductors, for example two spheres of different size, may 
have the same eliH’lric charge, that is the same excess of one electric 
fluid, but the potential will be different in the two cases, being higher 
for the smaller and lower for the larger . j^'hcre. The electric fluid will 
have greater density and tlius be more compressed on the small con- 
ductor. Since the repulsive forces must increase with the density, 
the tendency of the charge to escape will be greater in the case of the 
smaller sphere tlian in that of the larger. This tendency of charge to 
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escape from a conductor is a direct measure of its potential. In order 
to show clearly the difference between charge and potential we shall 
formulate a few sentences describing the behavior of heated bodies, 
and the corresponding sentences concerning charged conductors. 

Heat Electricity 

Two bodies, initially at different Two insulated conductors, initially 
temperatures, reach the same tern- at different electric potentials, very 

perature after some time if brought quickly reach the same potential if 

into contact. brought into contact. 

Equal quantities of heat produce Equal amounts of electric charge 
different changes of temperature in produce different changes of electric 

two bodies if their heat capacities potential in two bodies if their elec- 

are different. trical capacities are different. 

A thermometer in contact with a An electroscope in contact \vith a 

body indicates — by the length of its conductor indicates — ^l)y the separa- 

mercury column — its own tempera- tion of the gold leaves — its own elcc- 

ture and tlierefore the temperature trie potential and tlierefore the elec- 
of the body. trie potential of the conductor. 

But this analogy must not be pushed too far. An example shows the 
differences as well as the similarities. If a hot body is brouglit into con- 
tact with a cold one, the heat flows from the hotter to the colder. On 
the other hand suppose that we have two insulated conductors having 
equal but opposite cljargcs, one positive and the other negative. The 
two are at different potentials. By convention we regard the poten- 
tial corresponding to a negative charge as lower than that correspond- 
ing to a positive charge. If the two conductors are brought togetlier 
or connected by a wire, it follows from the theory of eleclric fluids that 
they will show no charge and thus no difference of electric potential at 
all. We must imagine a ""flow” of eleclric cliarge from one conductor to 
the other during the short time in which the potential difference is 
eejualized. But how? Does the positive fluid flow to the negative body, 
or the negative fluid to the positive body? 

In the material presented here we have no basis for deciding between 
these two alternatives. We can assume either of the two possibilities, 
or that the flow is simultaneous in both directions. It is only a matter 
of adopting a convention, and no significance can be attached to the 
choice, for we know no method of deciding the question experimentally. 
F’urther development leading to a much more profound theoty of elec'- 
tricity gave an answer to this problem, which is quite meaningless 
when formulated in terms of the simple and primitive theory of electric 
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fluids. Here we shall simply adopt the following mode of expression. 
The electric fluid flows from the conductor having the higher poten- 
tial to that having the lower. In the 
case of our two conductors the elec- 
tricity thus flows from positive to nega- 
tive. This expression is only a matter of 
convention and is at this point quite arbitrary. The whole diflBculty indi- 
cates that the analogy between heat and electricity is by no means com- 
plete. 

We have seen the possibility of adapting the mechanical view to a 
description of tlie elementary facts of electrostatics. The same is possible 
in the case of magnetic phenomena. 

The Magnetic Fluids, We shall proceed here in the same manner as 
before, starting with very simple facts and then seeking their theo- 
retical explanation. 

1 . We have two long bar magnets, one suspended freely at its cen- 
ter, the other held in the hand. The ends of the two magnets are 
brought together in such a way that a strong attraction is noticed 
between them. This can always be done. If no attraction results we 
must turn the magnet and try the other end. Something will hap- 
pen if the bars are mag- 
netized at alL The ends 
of the magnets are called 
their poles. To continue 
with the experiment we 
move the pole of the 
magnet bt*ld in the hand 
along the other magnet 
A decrease in the attrac- 
tion is noticed and when the pole reaches the middle of the suspended 
magnet there is no evidence of any force at all. If the pole is moved 
further in the same direction a repulsion is observed, attaining its greatest 
strengtli at the second pole of the hanging magnet. 

2. The above experiment suggests another. Each magnet has two 
poles. Can we not isolate one of tliem? The idea is very simple; just 
break a magnet into two equal parts. We have seen that there is no 
force between the pole of one magnet and the middle of the otlier. 
But the result of actually breaking a magnet is surprising and imex- 
pected. If we repeat the experiment described under (i), with only 
half a magnet suspended, the results iure exactly tlie same as before! 




536 Albert Einstein & Leopold Inf eld 

Where there was no trace of magnetic force previously, there is now a 
strong pole. 

How are these facts to be explained? We can attempt to pattern a 
theory of magnetism after the theory of electric fluids. This is suggested 
by the fact that here, as in electrostatic phenomena, we have attrac- 
tion and repulsion. Imagine two spherical conductors possessing 
equal charges, one positive and the other negative. Here “equar 
means having the same absolute value; +5 and —5, for example, have 
the same absolute value. Let us assume that these spheres are connected 
by means of an insulator such as a glass rod. Schematically this ar- 
rangement can be represented 

O by an anow directed from the 
negatively charged conductor to 

the positive one. We shall call 

the w'hole thing an electric di- 
pole, It is clear that two such dipoles would behave exactly like the bar 
magnets in experiment (1). If we think of our invention as a rnodf'l for 
a real magnet, we may say, assuming the existence of magnetic fluids, 
that a magnet is nothing but a rrui^Jietic dipole, having at its ends two 
fluids of dijfferent kinds. This simple theory, imitating the theory of elec- 
tricity, is adequate for an explanation of the first experiment. TIutc would 
be attraction at one end, repulsion at the other, and a balancing of c‘({ual 
and opposite forces in the ‘middle. But what of the second i;^perirncnt? 
By breaking the glass rod in the case of the electric dipole we get two 
isolated poles. The same ought to hold good for the iron bar of the mag- 
netic dipole, contrary to the results of the second experirnemt. Thus this 
contradiction forces us to introduce a somcwliat more subtle tlieory. In- 
stead of our previous model we may 
imagine that the magnet consists of 
very small elementary magnetic di- 
poles which cannot be broken into 
separate poles. Order reigns in the 
magnet as a whole, for all the ele- 
mentary dipoles are directed in the same way. We see immediately why 
cutting a magnet causes two new poles to appear on the new ends, and 
why this more refined theory explains the facts of experiment ( 1 ) as well 
as (2). 

For many facts, the simpler theory gives an explanation and the re- 
finement seems unnecessary. I^t us take an example: We know that a 
magnet attracts pieces of iron. Why? In a piece of ordinary iron the two 
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magnetic fluids are mixed, so that no net effect results. Bringing a positive 
pole near acts as a “command of division” to the fluids, attracting the 
negative fluid of the iron and repelling the positive. The attraction be- 
tween iron and magnet follows. If the magnet is removed, the fluids go 
back to more or less their original state, depending on the extent to which 
tliey remember llie commanding voice of the external force. 

Little need be said about the quantitative side of the problem. With 
two very long magnetized rods we could investigate the attraction 
(or repulsion) of their poles when brought near one another. The ef- 
fect of the other ends of the rods is negligible* if the rods are long enough. 
How does the attraction or repulsion depend on tlie distance between 
the poles? The answer given by Coulomb’s experiment is that this de- 
pendence on distance is the same as in Newton’s law of gravitation and 
Coulomb’s law of electrostatics. 

We see again in this theory the application of a geneial point of view: 
the tendency to describe all phenomena by means of attiactive and 
repulsive for-^r^s depending only on distance and acting between un- 
changeable particles. 

One well-known fact should be mentioned, for later we shall make use 
of it. The eaith is a gicat magnetic dipole. There is not the slightest 
trace of an explanation as to why this is true. The North Pole is ap- 
proximately the minus ( ”~ ) and the South Pole the plus ( -f ) 
magnc'tic pole of the earth. The names plus and minus are only a mat- 
ter of convention, but when once fixed, enabh' us to designate poles 
in any other case. A magnetic needle supported on a vertical axis 
obeys the command of the magnetic force of the eailh It directs its 
( + ) pole toward the North Pole, that is, toward the ( — ; magnetic pole 
of the earth. 

Although we can consistently carry out the mechanical view in the 
domain of electric and magnetic phenomena introduced here, there is 
no reason to be particularly proud or pleased about it. Some features of 
the theory are certainly unsatisfactory if not discouraging. New kinds 
of substances had to be invented: two electric fluids and the elemen- 
tary magnetic dipoles. The wealth of substances begins to be over- 
whclrningl 

The forc'es are simple. They are expncsible in a similar way for 
gravitational, electric, and magnetic foices. But the price paid for this 
simplicity is high: the introduction of new weightless substances. Tliese 
are rather artificial concepts^ and quite unrelated to the fundamental 
substance, mass. 
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The First Serious Difficulty, We are now ready to note the first grave 
difficulty in tlie application of our general philosophical point of view. 
It will be shown later that this difficulty, together with another even more 
serious, caused a complete breakdown of the belief tliat all phenomena 
can be explained mechanically. 

The tremendous development of electricity as a branch of science 
and technique began with the discovery of the electric current. Here 
we find in tlie history of science one of the very few instances in 
which accident seemed to play an essential role. The story of tlie con- 
vulsion of a frog' s leg is told in many different ways. Regardless of the 
truth concerning di'tafls, there is no doubt that Galvani's accidental dis- 
covery led Volta at the end of the eighteenth centmy to the con- 
struction of what is known as a voltaic battery. This is no longer of 
any practical use, but it still furnishes a very simple example of a source 
of current in school demonstrations and in textbook descriptions. 

The principle of its constniction is simple. There are several glass 
tumblers, each containing water with a little sulphuric acid. In each 
glass two metal plates, one copper and the other zinc, are immersed 
in the solution. The copper plate of one glass is connected to the zinc 
of the next, so that only the zinc plate of the first and the copper 
plate of the last glass remain unconnected. We can detect a diff( 3 T- 
ence in electric potential between the copper in the first glass and the 
zinc in the last by means of a fairly sensitive elec'trosccjpe^ the num- 
ber of the "elements,” that is, glasses with plates, constituting tlie bat- 
tery, is sufficiently large. 

It was only for the purpose of obtaining something easily measura- 
ble with apparatus already described that we introduced a battery con- 
sisting of several elements. For further discussion, a single element will 
serve just as well. The potential of the copper turns out to be higher 
than that of the zinc. "Higher” is used here in the sense in which +2 
is greater than —2. If one conductor is connected to the free copper 
plate and another to the zinc, both will become charged, the first posi- 
tively and the other negatively. Up to this point nothing particularly new 
or striking has appeared, and we may try to apply our previous ideas 
about potential differences. We have seen that a potential difference 
between two conductors can be quickly nullified by connecting them 
with a wire, so that there is a flow of electric fluid from one conductor to 
the other. This process was similar to the equalization of temperatures 
by heat flow. But does this work in the case of a voltaic battery? Volta 
wrote in his report that the plates behave like conductors: 
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. • . feebly charged, which act unceasingly or so that their charge after 
each discharge re-establishes itself; which, in a word, provides an un- 
limited charge or imposcjs a perpetual action or impulsion of the electric 
fluid. 

TTie astonishing result of his experiment is that the potential differ- 
ence between the copper and zinc plates does not vanish as in the 
case of two charged conductors connected by a wire. The difference 
persists, and according to the fluids theory it must cause a constant flow 
of electric fluid from the higher potential level (copper plate) to the 
lower (zinc plate). In an attempt to save the fluid theory, we may as- 
sume that some constant force acts to regenerate the potential dif- 
ference and cause a flow of electric fluid. But the whole phenomenon is 
iistonlshing from the standpoint of energy. A noticeable quantity of 
heat is generated in the wire carrying the current, even enough to 
melt the wire if it is a thin one. Therefore, heat-energy is created in 
the wire. But the whole voltaic battery forms an isolated system, since 
no external energy is being supplied. If we want to save the law of 
conservation of energy we must find where the transformations take 
place, and at what expense tlie heat is created. It is not diflBcult to realize 
that complicated chemical processes are taking place in the battery, 
pmcesses in which the immersed copper and zinc, as well as the 
liquid itself, take active parts. From the standpoint of energy this is the 
chain of transformations which are taking place: chemical energy-^ 
fTiergy of the flowing electric fluid, i,e., the current -» heat. A voltaic bat- 
tery does not last forever; the chemical changes associated with the 
flow of electricity make the battery useless after a time. 

Tlie experiment which actually revealed the great diffiailties in 
applying the mechanical ideas must sound strange to anyone hearing 
about it for the first time. It was performed by Oersted about a hun- 
dred and twenty years ago. He reports: 

By these experiments it seems to he showTi tliat tlic magnetic needle 
was moved from its positit)n by help of a galvanic apparatus, and tliat, 
when the galvanic circuit was closed, but not when open, as certain very' 
celebrated pliysicists in vain attempted several years ago. 

Suppose we have a voltaic battery and a conducting wire. If the wire 
is connected to the copper plate but not to the zinc, tliere will exist 
a potential difference but no current can flow. Let us assume that the 
wire is bent to form a circle, in the center of wliich a magnetic needle 
is placed, both wire and needle lying in the same plane. Notliing hap- 
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pens as long as the wire does not touch the zinc plate. There are no 
forces acting, the existing potential diflFercncc having no influem e what- 
ever on the position of the 
needle. It seems difficult to un- 
derstand why th(* “veiy cele- 
brated physicists/* as Oersted 
called them, expected such an 
influence. 

But now let us join the wire 
to the zinc plate. Immediately 
a stiange thing happens. The 
magnetic needle turns from its 
previous position. One of its 
poles now points to the reader 
if the page of this book represents the plane of the circle. The effect is 
that of a force, perpendicnUir to the plane, acting on the magnetic pole. 
Faced with the facts of the experiment, we can hardly avoid drawing 
such a conclusion about the direction of the force acting. 

This experiment is interesting, in the first place, because it shows 
a relation between two apparently quite different phenomena, magnet- 
ism and electric current. There is another aspect even more impor- 
tant. The force between the magnetic pole and the small portions of 
the wire through which the current flows cannot lie Tilong lines 
connecting the wire and needle, or the particles of flowing electric 
fluid and the elementary magnetic dipoles. The force is pei’pendiciilar to 
these lines! For the first time there appears a force quite different from 
that to which, according to our mechanical point of view, we intended 
to reduce all actions in the external world. We remember that the 
forces of gravitation, electrostatics, and magnetism, obeying the laws of 
Newton and Coulomb, act along the line joining the two attracting or 
repelling bodies. 

This difficulty was stressed even more by an experiment performed 
with great skill by Rowland nearly sixty years ago. Leaving out tech- 
nical details, this experiment could be dc'seribed as follow’s. Imagine 
a small charged sphere. Imagine further that this sphere moves very 
fast in a circle at the center of which is a magnetic needle. This is, in 
principle, the same experiment as Oersted's, the only differc^nce being 
that instead of an ordinary current we have a mechanically effec'tc'd mo- 
tion of the electric charge. Rowland found that the result is indeed 
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similar to that observed when a current flows in a circular wire. The 
magnet is deflected by a perpendicular force. 

Let us now move the charge faster. Tfie force acting on the magnetic 
pole is, as a result, increased; the deflection from its initial position 
be('om(*s more distinct. Tliis observation presents another grave compli- 
cation. Not only does the force fail to lie on 
the line connecting charge and magnet, but 
the intensity of the force depends on the ve- 
locity of the cliarge. The whole mechanical 
point of view was based on the belief that all 
phenomena can be explained in terms of 
forces d<'pending only on the distance and 
not on the velocity. The result of Uowland*s 
experiment certainly .shakes this belief. Yet 
we may choose to be conservative and seek a 
solution within the frame of old ideas. 

Diflicnltie^’ of this kind, sudden and unexpected obstacles in the trium- 
[)h«int development of a theory, arise frequently in science. Sometimes 
a simple generalization of the old ideas seems, at least temporarily, to be 
a good way out. It would seem sufficient, in the present case, for ex- 
ampl(\ to bioaden the previous point of view and introduce more gen- 
eral forces between the elementary particles. Very often, however, 
it is impossible to patch up an old theory, and the difficulties result in 
its downfall and the rise of a new one. Here it was not only the be- 
liavior of a tinv magnetic needle which broke the apparently well- 
founded and successful mechanical theoiios. Another attack, even 
more \igorous, came from an entirely different angle. But this is an- 
otla r sl()r\, and we shall tell it later. 

The Vclocitij of In Galileos Two New Sciences, we listen to 

a conversation of the master and his pupils about the velocity of light: 

Sagreik): But of what kind and how great must we consider this speed 
of light to be? Is it instantaneous or momentary or does it, like other 
motion, rc(piiie time? Can we not decide this by experiment? 

SrsiPLiGio. Ever^'day experience shows that the propagation of light 
is instantaneous; for when we .see a piece of artillery filed, at great dis- 
tance, the flash reaches our eyes without ^ ipse of time; but the sound 
reaches the ear only after a notic'Cable interv'al. 

Sagreixi: Well, Simplicio, the only tiling I am able to infer from this 
familiar bit of experience is that sound, in reaching our cars, travels more 
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slowly than light; it does not inform me whether the coming of the li^t 
is instantaneous or whether, although extremely rapid, it still occupies 
time. . . . 

Salviati: The small conclusiveness of these and odier similar observa- 
tions once led me to devise a method by which one might accurately 
ascertain whether illumination, t.e.. propagation of light, is really instan- 
taneous. • • • 

Salviati goes on to explain the method of his experiment. In order to 
understand his idea let us imagine that the velocity of light is not only 
finite, but also small, that the motion of light is slowed down, like that in 
a slow-motion film. Two men, A and B, have covered lanterns and stand, 
say, at a distance of one mile from each other. The first man, A, 
opens his lantern. The two have made an agreement that B will 
open his the moment he sees A’s light. Let us assume that in our "slow 
motion** the light travels one mile in a second. A sends a signal by un- 
covering his lantern. B sees it after one second and sends an answer- 
ing signal. This is received by A two seconds after he had sent his own. 
That is to say, if light travels with a speed of one mile per second, then 
two seconds will elapse between A*s sending and receiving a signal, 
assuming that B is a mile away. Conversely, if A does not know the 
velocity of light but assumes that his companion kept the agreement, 
and he notices the opening of B s lantern two seconds after he opened 
his, he can conclude that the speed of light is one mile pCT second. 

With the experimental technique available at that time Galileo had 
little chance of determining the velocity of light in this way. If the 
distance were a mile, he would have had to detect time intervals of 
the order of one hundred-thousandth of a secondl 
Galileo formulated the problem of determining the velocity of light, 
but did not solve it The formulation of a problem is often more essential 
than its solution, which may be merely a matter of mathematical or ex- 
perimental skill. To raise new questions, new possibilities, to regard old 
problems from a new angle, requires creative imagination and marks real 
advance in science. The principle of inertia, the law of conservation of 
energy were gained only by new and original thoughts about already 
well-known experiments and phenomena. Many instances of this kind 
will be found in the following pages of this book, where the itnportance 
of seeing known facts in a new light will be stressed and new theories 
described. 

Returning to the comparatively simple question of determining the ve- 
locity of light, we may remark that it is surprising that Galileo did not 
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realize that his experiment could be performed much more simply 
and accurately by one man. Instead of stationing his companion at a 
distance he could have mounted there a mirror, which would auto- 
matically send back the signal immediately after receiving it. 

About two hundred and fifty years later this very principle was 
used by Fizeau, who was the first to determine the velocity of light by 
terrestrial experiments. It had been determined by Roemer much ear- 
lier, though less accurately, by astronomical observation. 

It is quite clear that in view of its enormous magnitude, the veloc- 
ity of light could be measured only by taking distances comparable to 
that between the earth and another planet of the solar system or by 
a great refinement of experimental technique. The first method was that 
of Roemer, the second that of Fizeau. Since the days of these first 
experiments the very important number representing the velocity of 
light has been determined many times, with increasing accuracy. In 
our own century a highly refined teclmique was devised for this pur- 
pose by Miclielson. The result of these experiments can be expressed 
simply: The velocity of light in vacuo is approximately 186,000 miles 
per sec*ond, or 300,000 kilometers per second. 

LipJit as Subsfatu'e, Again we stiUt with a few experimental facts. 
The number just quoted concerns the velocity of light in vacuo. Undis- 
turbed, light travels with this speed tlirough empty space. We can see 
through an empty glass vessel if we extract the air from it. We see 
planets, stars, nebulae, although the light travels from them to our 
eyes tluough empty space. The simple fact that w'e can see through a 
vessel whether or not there is air inside shows us that the presence of 
air matters very little. For tins reason we can perfonn optical experi- 
ments in an ordinary room with the same effect as if there were no air. 

One of the simplest optical facts is that the propagation of light is 
rectilinear. We shall describe a primitive and naive experiment show- 
ing this. In front of a point source is placed a screen with a hole in it. 
A point source is a very small source of light, say, a small opening 
in a closed lanteni. On a distant wall the hole in the screen wall be rep- 
resented as light on a dark background. The next drawing [p. 544] shows 
how this phenomenon is connected with the rectilinear pn>pagation of 
light. All such phenomena, even the more complicated cases in which 
light, shadow, and half-shadows appear, can be explained by the as- 
sumption that light, in vacuo or in air, travels along straight lines. 

Let us take another example, a case in which light passes through mat- 
ter. We have a light beam traveling through a vacuum and falling on a 
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glass plate. What happens? If the law of rectilinear motion were still 

the dotted line. But actually it 
is not. There is a break in 
the patli, such as is shown in 
the drawing [below]. What 
we observe here is the phe- 
nomenon known as refraction. 
The familiar appearance of a 
stick which seems to be bent 
in the middle if half-im- 
mersed in water is one of the 
many manifestations of re- 
fraction. 

These facts are sufficient to indicate how a simple mechanical theory of 
light could be devised. Our aim here is to show how the ideas of sub- 
stances, particles, and forces penetrated 
the field of optics, and how finally the old 
philosophical point of view broke down. 

The theory here suggests itself in its 
simplest and most primitive form. Let us 
assume that all lighted bodies emit par- 
ticles of light, or corpuscles, which, fall- 
ing on our eyes, create the sensation of 
light. We are already so accustomed to 
introduce new substances, if necessary 
for a mechanical explanation, that we can do it once more without 
any great hesitation. These corpuscles must travel along straight lines 
through empty space with a known speed, bringing to our eyes mes- 
sages from the bodies emitting light. All phenomena exhibiting the 
rectilinear propagation of light support the corpuscular theory, for just 
this kind of motion was prescribed for the corpuscles. The theory 
also explains very simply the reflection of light by mirrors as the same 
kind of reflection as that shown in the mechanical experiment of elastic 
balls thrown against a wall, as the next drawing indicates. 

The explanation of -refraction is a little more difficulty Without 
going into details we can see the possibility of a mechanical explana- 
tion. If corpuscles fall on the surface of glass, for example, it may be that 
a force is exerted on them by the particles of the matter, a force which 
strangely enough acts only in the immediate neighborhood of matter. 
Any force acting on a moving particle changes the velocity, as we 
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already know. If the net force on the light-corpuscles is an attraction 
perpendicular to the surface of the glass, the new motion will lie 
somewhere between tlie line of the original path and the perpendicular. 



This simple explanation seems to promise success for the corpuscular 
theory of light. To determine the usefulnc‘ss and range of validity 
of the theory, however, we must investigate new and more complicated 
facts. 

The RUhlle of Color. It was again Newton’s genius which explained 
for the first time the wealth of color in the world. Here is a description 
of one of iNewloii’s experiments in liis owm words: 

In the vear 1666 (at which time I applied myself to the grinding of 
optick glasses of other figures than spherical) I procured me a triangular 
glass pi ism, to try there\\ith the cclehiated phenomena of colours And in 
Older thereto, having darkened my chamber, and made a small hole in 
my window-sliuts, to let in a convenient quantity of the sun’s light, I 
placed mv prism at its entrance, that it might thereby be refracted to 
th(’ (qiposite wall. It was at first a verv pleasing divertisement, to view 
the vivid and intense colours produced thereby. 

Tlie light from the sun is “white.” After passing thiough a prism it 
shows all the colors which exist in the visible world. Nature herself re- 
produces the s»nme result in the beautiful color scheme of the rainbow. 
Attempts to explain this phenomenon are very old. Tlie Biblical story 
that a rainbow is God’s signature to a covenant with man is, in a sense, 
a “theory.” But it does not satisfactorily explain why the rainbow is 
repeated from time to tim(% and why always in connection with rain. 
The whole puzzle of color was first scientifically attacked and the 
solution pointed out in the great work of Newton. 

One edge of the rainbow is always red and the other violet. Be- 
tween them all other colors are arranged. Here is Newton’s explana- 
tion of this phenomenon: every color is already present in white light. 
Tliey all traverse interplanetary space and the atmosphere in unison and 
give the effect of white light. White light is, so to speak, a mixture of 
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corpuscles of different lands, belonging to different colors. In the case 
of Newton's experiment the prism separates them in space. According to 
the mechanical theory, refraction is due to forces acting on the particles 
of hght and originating from the particles of glass. These forces are 
different for corpuscles belonging to different colors, being strongest for 
the violet and weakest for the red. Each of the colors will therefore be 
refracted along a different path and be separated from the otliers when 
the light leaves the prism. In the case of a rainbow, drops of water 
play the role of the prism. 

The substance theory of light is now more complicated than be- 
fore. We have not one light substance but many, each belonging to a 
different color. If, however, there is some tnitli in the theory, its conse- 
quences must agree with observation. 

The series of colors in the white light of the sun, as revealed by 
Newtons experiment, is called the spectrum of the sun, or more pre- 
cisely, its visible spectrum. The decomposition of white light into its 
components, as described here, is called the dispersion of light. The 
separated colors of the spectrum could be mixed together again by 
a second prism properly adjusted, unless the explanation given is 
wrong. The process should be just the reverse of the previous one. 
We should obtain white light from the previously separated colors. 
Newton showed by experiment that it is indeed possible to obtain 
white light from its spectrum and the spectrum from white light in 
this simple way as many times as one pleases. These experiments formed 
a strong support for the theory in which corpuscles belonging to each 
color behave as unchangeable substances. Newton wrote thus: 

• . . which colours are not new generated, but only made apparent by 
being parted; for if they be again entirely mixt and blended together, 
they will again compose that colour, which they did before separation. 
And for the same reason, transmutations made by the convening of divers 
colours are not real; for when the difform rays are again severed, they 
will exhibit the very same colours which they did before they entered the 
composition; as you see blue and yellow powders, when finely mixed, ap- 
pear to the naked eye, green, and yet the colours of the compotlent cor- 
puscles are not thereby really transmuted, but only blended. Fbr when 
viewed with a good microscope they still appear blue and yellow in- 
terspersedly. 

Suppose that we have isolated a very narrow strip of the spectrum. 
This means that of all the many colors we allow only one to pass 
through the slit, the others being stopped by a screen. The beam which 
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comes through will consist of homogeneous Ught, that is, light which 
cannot be split into further components. This is a consequence of the 
theory and can be easily confirmed by experiment. In no way can such 
a beam of single color be divided further. There are simple means of 
obtaining sources of homogeneous light. For example, sodium, when in- 
candescent, emits homogeneous yellow hght. It is very often con- 
venient to perform certain optical experiments with homogeneous 
light, since, as we can well understand, the result will be much sim- 
pler. 

Let us imagine that suddenly a very strange thing happens: our 
sun begins to emit only homogeneous light of some definite color, say 
yellow. The great variety of colors on the earth would immediately 
vanish. Everything would be either yellow or black! This prediction 
is a consequence of the substance theory of light, for new colors cannot 
be created. Its validity can be confirmed by experiment: in a room 
where the only source of light is incandescent sodium everything is 
either yellc a oi black. The wealth of coloi in the world reflects the va- 
riety of color of wliich white light is composed. 

The substance theory of light seems to work splendidly in all these 
cases, although the necessity for introducing as many substances as col- 
ors may make us somewhat uneasy. The assumption that all the cor- 
puscles of light have exactly the same velocity in empty space also 
seems verv artificial. 

It is imaginable that another set of suppositions, a theory of entirely 
different character, would work pist as w^ell and give all the required 
explanations. Indeed, w^e shall soon witness the rise of another theory, 
based on entirely diftcrent concepts, yet explaining the same domain 
of optical phenomena. Before formulating the underlying assumptions 
of this new th(‘ory, however, we must answw a question in no w^ay 
C‘onncctcd with these optical considerations. We must go back to me- 
chanics and ask: 

What Is a Wave? A bit of gossip stiuting in Washington reaches New 
York very quickly, even though not a single individual who take^; 
part in spreading it travels between these tsvo cities. There are two 
quite different motions in\ olved, that of the nimor, VA^ashington to New 
York, and that of the persons who spread the nimor. The wind, passing 
over a field of grain, sets up a wave which spreads out across the 
whole field. Here again we must distinguish between the motion of the 
wave and the motion of the separate plants, which undergo only small 
oscillations. We have all seen the wave« tliat spread in wider and wider 
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circles when a stone is thrown into a pool of water. The motion of the 
wave is very different from that of the particles of water. The particles 
merely go up and down. The observed motion of the wave is that of 
a state of matter and not of matter itself. A cork floating on the wave 
shows this clearly, for it moves up and down in imitation of the actual 
motion of the water, instead of being carried along by the wave. 

In order to understand better the mechanism of the wave let us 
again consider an idealized experiment. Suppose that a large space is 
filled quite uniformly with water, or air, or some other “medium.” Some- 
where in the center there is a sphere. At the beginning of the experi- 
ment there is no motion at all. Suddenly the sphere begins to 
“breathe” rhythmically, expanding and contracting in volume, although 
retaining its spherical shape. What will happen in the medium? Let us 
begin our examination at the moment the sphere begins to expand. 
The particles of the medium in the immediate x icinity of the sphere are 
pushed out, so that the density of a spherical shell of water, or air, as 
the case may be, is increased above its normal value. Similarly, when 
the sphere contracts, the density of that part of the medium imme- 
diately surrounding it will be decreased. These changes of density 
are propagated throughout the entire medium. Tlie particles con- 
stituting the medium perform only small vibrations, but the whole mo- 
tion is that of a progressive wave. The essentially new thmg here is 
that for the first time we consider the motion of something which is not 
matter, but energy propagated through matter. 

Using the example of the pulsating sphere, we may introduce two 
general physical concepts, important for the characterization of 
waves. The first is the velocity with which the wave spreads. This will 
depend on the medium, being different for water and air, for example. 
The second concept is that of %oax)e Icuf^h, In the case of wav(*s on a 
sea or river it is the distance from the trough of one wave to that 
of the next, or from the crest of one wave to that of the next. Tims sc^ 
waves have greater wave length than river waves. In the Ciise of our 
waves set up by a pulsating sphere the wave length is the distance, at 
some definite time, between tw^o neighboring spherical shelh showing 
maxima or minima of density. It is evident that this distanc'O will not 
depend on the medium alone. The rate of pulsation of the sphere will 
certainly have a great effect, making the wave length shorter if the 
pulsation becomes more rapid, longer if the pulsation becomes 
slower. 

This concept of a wave proved very successful in physics. It is 
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definitely a mechanical concept. The phenomenon is reduced to the 
motion of particles which, accord- 
ing to the kinetic theory, are con- 
stituents of matter. Thus every the- 
ory which uses the concept of wave 
can, in general, be regarded as a 
mechanical theory. For example, 
the explanation of acoustical phe- 
nomena is based essentially on this 
concept. Vibrating bodies, such as 
vocal cords and violin strings, are 
sources of sound waves which are 
propagated through the air in the 
manner explained for the pulsating 
sphere. It is thus possible to reduce 
all acoustical phenomena to mechanics by means of the wave concept. 

It has beoTn emphasized that we must distinguish between the mo- 
tion of the particles and that of the wave itself, which is a state of the 
medium. The two are very different but it is apparent that in our exam- 
ple of the pulsating sphere both motions take place in the same straight 
line. Tlie particles of the medium oscillate along short line segments, 
and the density increases and decreases periodically in accordance 
with this motion. The direction in which the wave spreads and the 
line on which the oscillations lie are the same. This type of w^ave is called 
lona^iitidinal. But is this the only kind of wave? It is important for our 
further considerations to realize the possibility of a different kind of 
wave, called transverse. 

Let us change our previous example. We still have the sphere, but 
it is immersed in a medium of a different kind, a sort of jelly instead of 
air or water. Furthermore, the sphere no longer pulsates but rotates in one 
direction through a small angle and then back again, always in the 
same rhythmical way and about a definite axis. The jelly adheres to 
the sphere and thus the adhering portions are forced to imitate the mo- 
tion. These portions force those situated a little further aw^ay to imi- 
tate the same motion, and so on, so that a wave is set up in the me- 
dium. If we keep in mind the distinction between the motion of the 
medium and the motion of the wave we see that here they do not lie on 
the same line. The wave is propagated in the direction of the radius of 
the sphere, while the parts of the medium move perpendicularly to this 
direction. We have tlius created a transverse wave [see p. 550]. 
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Waves spreading on the surface of water are transverse. A floating cork 
only bobs up and down, but the wave spreads along a horizontal plane. 

Sound waves, on the other hand, 
furnish the most familiar example of 
longitudinal waves. 

One more remark: the wave pro- 
duced by a pulsating or oscillating 
sphere in a homogeneous medium is 
a spherical wave. It is called so 
because at any given moment all 
points on any sphere surrounding 
the source behave in the same way. 
Let us consider a portion of such a 
sphere at a great distance from the 
source. The farther away the por- 
tion is, and the smaller we take it, 
the more it resembles a plane. We 
can say, without trying to be too rigorous, that there is no essential dif- 
ference between a part of a plane and a part of a sphere whose radius 
is sufficiently large. We very often speak of small portions of a spherical 
wave far removed from the source as plane waves. The farther we 
place the shaded portion of our drawing from the center of the 
spheres and the smaller the angle between the two radii, th§^ better our 
representation of a plane wave. The concept of a plane wave, like 



many other physical concepts, is no more than a fiction whi(fii can be 
realized with only a certain degree of accuracy. It is, however, a use- 
ful concept which we shall need later. 

The Wave Theory of Ught, Let us recall why we broke off the de- 
scription of optical phenomena. Our aim was to introduce another 
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theory of light, diflFerent from the corpuscular one, but also attempt- 
ing to explain the same domain of facts. To do this we had to inter- 
rupt our story and introduce the concept of waves. Now we can 
return to our subject. 

It was Huygens, a contemporary of Newton, who put forward a quite 
new theory. In his treatise on light he wrote: 

If, in addition, light takes time for its passage— which we are now going 
to examine — it will follow that this movement, impressed on the inter- 
vening matter, is successive; and consequently it spreads, as sound does, 
by spherical surfaces and waves, for I call them waves from their resem- 
blance to those which are seen to be formed in water when a stone is 
thrown into it, and which present a successive spreading as circles, though 
these arise from another cause, and are only in a fiat surface. 

According to Huygens, light is a wave, a transference of energy and 
not of substance. We have seen that the corpuscular theory ex- 
plains many of the observed facts. Is the wave theory also able to do 
this? We must again ask the questions which have already been an- 
swered by the corpuscular theory, to see whether the wave theory can 
do the answering just as well. We shall do this here in the form of a 
dialogue between N and H, where N is a believer in Newton's cor- 
puscular tlieory, and H in Huygen’s theory. Neither is allowed to use 
arguments developed after the work of the two great masters was 
finished. 

N: In the corpuscular theory' the velocity of light has a very defi- 
nite meaning. It is the velocity at which the corpuscles travel through 
empty space. What does it mean in the wave theory? 

H: It means the velocity of the light wave, of course. Every known 
wave spreads with some definite velocity% and so should a wave of light. 

N: That is not as simple as it seems. Sound waves spread in air, 
ocean waves in water. Every wave must have a material medium in 
which it travels. But light passes through a vacuum, whereas sound 
does not. To assume a wave in empty space really means not to as- 
sume any wave at all. 

H: Yes, that is a difficulty, although not a new one to me. My master 
thought about it very carefully, and decided that the only way out is 
to assume the existence of a hypothetical substance, the ether, a 
transparent medium permeating the entire universe. The universe is, 
so to speak, immersed in ether. Once we have the coiu‘age to introduce 
this concept, everything else becomes clear and convincing. 
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N: But I object to such an assumption. In the first place it introduces 
a new hypothetical substance, and we already have too many substances 
in physics. There is also another reason against it. You no doubt believe 
that we must explain everything in terms of mechanics. But what 
about the ether? Are you able to answer the simple question as to how 
the ether is constructed from its elementary particles and how it re- 
veals itself in other phenomena? 

H: Your first objection is certainly justified. But by introducing the 
somewhat artificial weightless ether we at once got rid of the much 
more artificial light corpuscles. We have only one "mysterious” sub- 
stance instead of an infinite number of them corresponding to the great 
number of colors in the spectrum. Do you not think that this is real 
progress? At least all the difficulties are concentrated on one point. 
We no longer need the factitious assumption that particles belonging 
to different colors travel with the same speed through empty space. 
Your second argument is also true. We cannot give a mechanical expla- 
nation of ether. But there is no doubt that the future study of optical and 
perhaps other phenomena will reveal its structure. At present we must 
wait for new experiments and conclusions, but finally, I hope, we shall 
be able to clear up the problem of the mechanical structure of the 
ether. 

N: Let us leave the question for the moment, since it cannot be 
settled now. I should like to see how your theory, even if we waive 
the difficulties, explains those phenomena wliich are so clear and 
understandable in the light’ of the corpuscular theory. Take, for ex- 
ample, the fact that light rays travel in vacuo or in air along straight 
lines. A piece of paper placed in front of a candle produces a distinct 
and sharply outlined shadow on the wall. Sharp shadows would not be 
possible if the wave theory of light were correct, for waves would bend 
around the edges of the paper and thus blur the shadow. A small ship 
is not an obstacle for waves on the sea, you know; they simply bend 
around it without casting a shadow. 

H: That is not a convincing argument. Take short waves on a river 
impinging on the side of a large ship. Waves originating on one side of 
the ship will not be seen on the other. If the waves are small enough 
and the ship large enough a very distinct shadow appears. It is very 
probable that light seems to travel in straight lines only because its wave 
length is very small in comparison with the size of ordinary obstachjs 
and of apertures used in experiments. Possibly, if we could create a suffi- 
ciently small obstruction, no shadow would occur. We might meet 
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with great experimental diflBculties in constructing apparatus which 
would show whether light is capable of bending. Nevertheless, if such 
an experiment could be devised it would be crucial in deciding be- 
tween the wave theory and the corpuscular theory of light. 

N : The wave theory may lead to new facts in the future, but I do not 
know of any experimental data confirming it convincingly. Until it is 
definitely proved by experiment that light may be bent I do not see any 
reason for not believing in the corpuscular theory, which seems to 
me to be simpler, and therefore better, than the wave theory. 

At this point we may interrupt the dialogue, though the subject is by 
no means exhausted. 

It still remains to be shown how the wave theory explains the re- 
fraction of light and the variety of colors. The corpuscular theory is capa- 
ble of this, as we know. We shall begin with refraction, but it will be use- 
ful to consider first an example having nothing to do with optics. 

There is a large open space in which there are walking two men 
holding betv/eon them a rigid pole. At the beginning they are walking 
straight ahead, both with the same velocity. As long as their velocities 
remain the same, whether great or small, the stick 
will be undergoing parallel displacement; that is, it 
does not turn or change its direction. All consecutive 
positions of the pole are parallel to each other. But 
now imagine that for a time which may be as short 
as a fraction of a second the motions of the tsvo men 
are not the same. What will hapj>en? It is clear that 
during tliis moment the slick will turn, so that it will 
no longer be displaced parallel to its original posi- 
tion. When the equal velocities are resumed it is in 
a direction different from the previous one. ThLs is 
shown clearly in the di awing. The change in direction took place during 
the time interval in which the velocities of the t\\'o walkers were dif- 
ferent. 

This example will enable us to understand the refraction of a wave. 
A plane wave traveling through the ether strikes a plate of glass. In 
the next drawing we see a wave which presents a comparatively 
wide front as it marches along. The wave front is a plane on which at any 
given moment all parts of the ether behave in precisely the same way. 
Since the velocity depends on the medium through wliich the light is 
passing it will be different in glass from the velocity in empty space. 
During the very short time in which the wave front enters the glass, dif- 
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ferent parts of the wave front will have different velocities. It is clear 
that the part which has reached the glass will travel with tlie velocity 

of light in glass> while the 
other still moves with the 
velocity of light in ether. 
Because of tliis difference 
in velocity along the wave 
front during the time of “im- 
mersion’’ in the glass, the di- 
rection of the wave itself 
will be changed. 

Thus we see that not only 
the corpuscular theory, but 
also the wave theory, leads to an explanation of refraction. Further con- 
sideration, together with a little mathematics, shows that the wave theory 
explanation is simpler and better, and that the consequences are in per- 
fect agreement with observation. Indeed, quantitative methods of rea- 
soning enable us to deduce the velocity of light in a refractive medium if 
we know how the beam refracts when passing into it. Direct measxire- 
ments splendidly confirm these predictions, and thus also the wave 
theory of light. 

There still remains the question of color. 

It must be remembered that a wave is characterized by..vtwo num- 
bers, its velocity and its wave length. The essential assumption of 
the wave theory of light is- that different wave lengths correspond 
to different colors. The wave length of homogeneous yellow light dif- 
fers from that of red or violet. Instead of the artificial segregation of 
corpuscles belonging to various colors we have the natural difference 
in wave length. 

It follows that Newton s experiments on the dispersion of light can 
be described in two different languages, that of the corpuscular theory 
and that of the wave theory. For example: 



Corpuscular Language 

The corpuscles belonging to differ- 
ent colors have the same velocity 
in vacuo, but different velocities in 
glass. 

White light is a composition of cor- 
puscles belonging to different col- 
ors, whereas in the spectrum they 
are separated. 


Wave language 

The rays of different wave length 
belonging to different cQlors have 
the same velocity in the ether, but 
different velocities in glasf. 

White light is a composition of 
waves of all wave lengtns, wherejis 
in the spectrum they are sq^arated 
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It would seem wise to avoid the ambiguity resulting from the exist- 
ence of two distinct theories of the same phenomena, by deciding in fa- 
vor of one of them after a careful consideration of the faults and merits 
of each. Tlie dialogue between N and H shows that this is no easy task. 
The decision at this point would be more a matter of taste than of scien- 
tific conviction. In Newton's time, and for more than a hundred years 
after, most physicists favored the corpuscular theory. 

History brought in its verdict, in favor of the wave theory of light and 
against tlie corpuscular theory, at a much later date, the middle of 
the nineteenth century. In his conversation with H, N stated that a de- 
cision between the two theories was, in principle, experimentally 
possible. The corpuscular theor)' does not allow light to bend, and de- 
mands the existence of sharp shadows. According to the wave theory, 
on the other hand, a suflSciently small obstacle will cast no shadow. In 
the work of Young and Fresnel this result was experimentally realized 
and theoretical conclusions were drawn. 

An extremely simple experiment has already been discussed, in which 
a screen with a hole was placed in front of a point source of light and 
a light appeared on the wall. We shall simplify' the experiment fur- 
ther by assuming that the soiurce emits homogeneous light. For 
the best results the source should be a strong one. Let us imagine that 
tlie hole in the scre<*n is made smaller and smaller. If we use a strong 
source and succeed in making the hole small enough, a new and surpris- 
ing phenomenon appears, something quite incomprehensible from 
tlie point of view of the corpuscular theory. Tliere is no longer a 
sharp distinction between light and dark. Light gradually fades into 
the dark background in a series of light and dark rings. The appear- 
ance of rings is very characteristic of a wave theor)\ The explanation 
for alternating light and dark areas will be clear in tne case of a some- 
what different experimental arrangement. Suppose we have a sheet of 
dark paper with two piiilioles through which light may pass. If the 
holes are close togetlier and very small, and if the source of homo- 
geneous light is strong enough, many light and dark bands will ap- 
pear on the wall, gradually fading off at the sides into the dark back- 
ground. The explanation is simple. A dark band is where a trough of 
a wave from one pinhole meets the crest of a wave from the other 
pinhole, so tliat the two cancel. A band of light is w’here two troughs or 
two crests from waves of the different pinholes meet and reinforce 
each other. The explanation is more complicated in the case of the 
dark and light rings of our previous example in wliich we used a screen 
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with one hole, but the principle is the same. . . . The experiments de- 
scribed here show the diffraction of light, the deviation from the 
rectilinear propagation when small holes or obstacles are placed in 
the way of the light wave. 

With the aid of a little mathematics we are able to go much further. 
It is possible to find out how great or, rather, how small the wave 
length must be to produce a particular pattern. ITius the experiments 
described enable us to measure the wave length of the homogeneous 
light used as a source. To give an idea of how small the numbers are 
we shall cite two wave lengths, those representing the extremes of 
tlie solar spectrum, that is, the red and the violet. 

The wave length of red light is o.ooooS cm. 

The wave length of violet light is 0.00004 cm. 

We should not be astonished that the numbers are so small. The phe- 
nomenon of distinct shadow, that is, the phenomenon of rectilinear 
propagation of light, is observed in nature only because all apertures 
and obstacles ordinarily met with are extremely large in comparison 
with the wave lengths of light. It is only when very small obstacles and 
apertures are used that light reveals its wave-like nature. 

But the story of tlic search for a theory of light is by no means fin- 
ished. The verdict of the nineteenth century was not final and ultimate. 
For the modem physicist the entire problem of deciding belwei’n cor- 
puscles and waves again exists, this time in a much more profound and 
intricate form. Let us accept the defeat of the corpuscular theory of light 
until we recognize the problematic nature of the victory of the wave 
theory. 

Longitudinal or Transverse Light Waves? All the optical phenomena 
we have considered speak for the wave theory. The bending of light 
around small obstacles and the explanation of refraction are tlie 
strongest arguments in its favor. Guided by the mechanical point of 
view we realize that there is still one question to be answered: the 
determination of the mechanical properties of the ether. It is c'ssen- 
tial for the. solution of this problem to know whether light waves in the 
ether are longitudinal or transverse. In other words: is light propa- 
gated like sound? Is the wave due to changes in the density of the me- 
dium, so that the oscillations of the particles are in the direction of the 
propagation? Or does the ether resemble an elastic jelly, a itiediiim in 
which only transverse waves can be set up and whose particlcjs move 
in a direction perpendicular to tliat in which the wave itself travels? 
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Before solving this problem let us try to decide which answer should 
be preferred. Obviously, we sliould be fortunate if light waves were 
longitudinal. The difficulties in designing a mechanical ether would be 
much simpler in this case. Our picture of ether might very probably be 
something like the mechanical picture of a gas that explains the propa- 
gation of sound waves. It would be much more difficult to form a pic- 
ture of ether carrying transverse waves. To imagine a jelly as a me- 
dium made up of particles in such a way that transverse waves are 
propagated by means of it is no easy task. Huygens believed that the 
ether would turn out to be *‘air-like" rather than “jelly-like.” But na- 
ture cares very little for our limitations. Was nature, in this case, 
merciful to the physicists attempting to understand all events from a 
mechanical point of view? In order to answer this question we must dis- 
cuss some new experiments. 

We shall consider in detail only one of many experiments which are 
able to supply us with an answer. Suppose we have a very thin plate of 
tourmaline e:''stoh cut in a particular way which we need not de- 
scribe here. The crystal plate must bo thin so that we are able to see a 
source of light through it. But now let us take two such plates and 
place both of them between our eyes and the light. What do we ex- 



pect to see? Again a point of light, if the plates are sufficiently thin. 
The chances are very good that the experiment will confirm our ex- 
pectation. Without worrying about the statement that it may be 
chance, let us assume we do see the light point through the two crys- 
tals. Now let us gradually change the position of one of the crx’^stals 
by rotating it. This statement makes sense only if the position of the 
axis about which the rotation takes place is fixed. We shall take as an 
axis the line determined by the incoming ray. This means that we dis- 
plac'C all the points of the one crystal except those on the axis. A 
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strange thing happensi The light gets weaker and weaker until it 
vanishes completely. It reappears as the rotation continues and we re- 
gain the initial view when the initial position is reached. 

Without going into the details of this and similar experiments we 
can ask the following question: can these phenomena be explained if 
the light waves are longitudinal? In the case of longitudinal waves the 
particles of the ether would move along the axis, as the beam does. If 
the crystal rotates, notliing along the axis changes. The points on the 
axis do not move, and only a ver^ small displacement takes place 
nearby. No such distinct change as the vanishing and appearance of a 
new picture could possibly occur for a longitudinal wave. Tliis and 
many other similar phenomena can be explained only by the as- 
sumption that light waves are transverse and not longitudinall Or, 
in other words, the ‘"jelly-like” character of the ether must be as- 
sumed. 

This is very sad! We must be prepared to face tremendous difficul- 
ties in the attempt to describe the ether mechanically. 

Ether and the Mechanical View. The discussion of all the various at- 
tempts to understand the mechanical nature of the ether as a medium 
for transmitting light, would make a long story. A mechanical conshme- 
tion means, as we know, that the substance is built up of particles with 
forces acting along lines connecting them and depending only on the 
distance. In order to constnict the ether as a jelly-like mechanical sub- 
stance physicists had to make some highly artificial and unnatural as- 
sumptions. We shall not quote them here; they belong to the almost 
forgotten past. But the result was significant and important. Tlie artificial 
character of all these assumptions, the necessity for introdudng so many 
of them all quite independent of each other, was enough to shatter the 
belief in the mechanical point of view. 

But there are other and simpler objections to efher than the diffi- 
culty of constructing it. Ether must be assumed to exist everywhere, if 
we wish to explain optical phenomena mechanically. There can be no 
empty space if light travels only in a medium. 

Yet we know from mechanics that interstellar space dot's not resist the 
motion of material boditjs. The planets, for example, travel tllrough the 
ether-jelly without encountering any resistance such as a m;|terial me- 
dium would offer to their motion. If ether does not disturb matter in 
its motion, there can be no interaction between particles of ether and 
particles of matter. Light passes through ether and also through glass and 
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water, but its velocity is changed in the latter substances. How can this 
fact be explained mechanically? Apparently only by assuming some in- 
teraction between ether particles and matter particles. We have just 
seen that in the case of freely moving bodies such interactions must be 
assumed not to exist. In other words, there is interaction between ether 
and matter in optical phenomena, but none in mechanical phenomenal 
This is certainly a very paradoxical conclusion! 

There seems to be only one way out of all these difficulties. In Ae 
attempt to understand the phenomena of nature from the mechanical 
point of view, throughout the whole development of science up to 
the twentieth century, it was necessary to introduce artificial substances 
like electric and magnetic fluids, light corpuscles, or ether. The result 
was merely the concentration of all the difficulties in a few essential 
points, such as ether in the case of optical phenomena. Here all the 
fruitless attempts to construct an ether in some simple way, as well as 
the other objections, seem to indicate that the fault lies in the funda- 
mental assumption that it is possible to explain all events in nature from 
a mechanical point of view. Science did not succeed in carrying out 
die mechanical program convincingly, and today no physicist be- 
lieves in the possibility of its fulfillment. 

In oiu- short review of the principal physical ideas we have met some 
unsolved problems, have come upon difficiJties and obstacles which 
discouraged the attempts to formulate a uniform and consistent view of 
all the phenomena of the external world. There was the unnoticed clue 
in classical mechanics of the equality of gravitational and inertial mass. 
Tliere was the artificial character of the electric and magnetic fluids. 
Tlicre was, in the interaction between electric cmrent and magnetic 
needle, an imsolved difficulty. It will be remembered that this force did 
not ac't in the line connecting die wire and the magnetic pole, and de- 
pended on the velocity of the moving charge. The law expressing its 
direction and magnitude was extremely complicated. And finally, 
there was the great difficulty wdth Uie ether. 

Modem physics has attacked all these problems and solved them. 
But in the struggle for these solutions new and deeper problems have 
been created. Our knowledge is now wider and more profoimd than 
that of the physicist of the nineteenth century, but so are oiur doubts 
and difficulties. 
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We summarize: 

In the old theories of electric fluids, in the corpuscular and wave 
theories of light, we witness the further attempts to apply the mechanical 
view. But in tlie realm of electric and optical phenomena we meet grave 
di£Bculties in this application. 

A moving charge acts upon a magnetic needle. But the force, instead 
of depending only upon distance, depends also upon the velocity of 
the charge. The force neither repels nor attracts but acts perpen- 
dicular to the line connecting the needle and the charge. 

In optics we have to decide in favor of the wave theory against the 
corpuscular theory of light. Waves spreading in a medium consisting 
of particles, with mechanical forces acting between them, arc cer- 
tainly a mechanical concept. But what is the medium through which 
light spreads and what are its mechanical properties? There is no hope of 
reducing the optical phenomena to the mechanical ones before this 
question is answered. But the difficulties in solving this problem are so 
great that we have to give it up and thus give up the mechanical view 
as well. 


The foregoing consists of Chapters I and II 
from Einstein and InfehVs 

THE EVOLUTION OF PHYSICS. 



Sir Arthur Eddington 


A 

xJLrthur Stanley Eddington was bom in England in 1882. He was 
educated at Trinity College, Cambridge, where he was senior 
wrangler in 1904. (For a discussion of the intellectual eminence im- 
plied by this position, see the selection from Galton’s Hereditary 
Genius. ) ‘ lie ...I'i elected a fellow of Trinity and, in 1913, at the age 
of thirty-one, made the Plumian Professor of Astronomy and Experi- 
mental Philosophy at Cambridge. He succeeded a long line of dis- 
tinguished scientists in this position; his immediate predecessor was 
Sir George Darwin, son of Charles. 

Eddington made contributions to the theory of star clusters and, 
more important, to the theory of the evolution of stars; tlie latter are 
contained in his book. The Internal Constitution of the Stars 
(1926). He was deeply interested in Einstein’s tlicory of relativity, 
and besides doing research which helped to validate its predictions, 
he svrote several popular books explaining the theory to laymen. 
Among them is Space, Time and Gravitation (1920). His interest 
in the new theory had a broad base. He believed that many ob- 
served facts could be predicted by means of pure mathematical 
reasoning; that is, he felt that most of the fundamental constants of 
nature could be calculated without recourse to experiment, and 
he performed astounding feats of calculation to prove his point. 

Relativity was grist for his mill; by means of it and other tlieories 
he even claimed to be able to calculate definitely tlie number of 
electrons in the universe. His claim has been considered by many 
later physicists to be overambitious. Eddington himself appeared to 
believe that in this and similar contentions he was merely carrying 

^ Vol. 8, pp. 227-<d6i, In this set. 
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to their inevitable conclusions the fundamental assumptions of 
modem physics. 

The Nature of the Physical World, a work of popular exposition 
that exerted wide intellectual Influence, appeared in 1928. The fol- 
lowing selection is a chapter from that work. Eddington died on 
November 22, 1944. 

The second law of thermodynamics, as Eddington explains it, is 
simplicity itself: “Tlntropy always increases” — that is all there is to it. 
Entropy is “the practical measme of the random element which can 
increase in the universe but can never decrease.” The law holds, 
Eddington says, “the supreme position among the laws of nature.” 
As such, it is of great importance. But it is also fraught with grave 
consequences. 

Entropy is “time’s arrow”; it points in one direction — to the 
future — and in one direction only. It is the law of nature which puts 
“some sense into the world.” That is, it is the bridge between the 
apparently cold, inhuman, mathematical world of the primary laws 
of physics, and the — ^perhaps again apparently — ^warm, disorderly 
and familiar world wUch we sense and in which we live. 

Furthermore, Eddington points out, it must follow from the law 
that the fardier back we go in time the more organized, the less 
shuffled (to use his metaphor), the world must have been. Such a 
process — ^whether we consider it backward or forward — cannot, he 
says, be conceived as going on infinitely. The universe must have had 
a beginning, then, and must be expected to have an end. The law 
demands both. 

This conclusion does not mean that Eddington is here disputing 
the claim that science can tell us nothing about the end and the 
be^nning — ^“the first and the last catastrophe.” Whetlier the world 
was created in the first place, and whether it will rejuvenate itself 
in the last, are, Eddington says, from the strictly scientific point 
of view questions susceptible only to “pure specidation.” 


'Notes from the artist: ^Behind the seated portrait of Eddington 
is an abstract interpretation of Eddingtov^s prediction 
of the eventual gradual disintegration of the entire universe. 
The quotation is from The Nature of the Physical World.” 
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On the question whether the universe is running down once and 
for all, “science is silent,” Eddington says, “and all that one can 
say is prejudice.” He is willing, in his last paragraph, to be preju- 
diced — but toward a view which many people woidd call pessimistic. 
He is opposed to the assumption of “a never-ending cycle of rebirth 
of matter and worlds.” “I am an Evolutionist,” he says, “not a 
Multiplicationist.” 



The Running-Down 
of the Universe 


modern outlook on the physical world is not composed ex- 
clusively of conceptions which have arisen in the last twenty-five 
years; and we have now to deal with a group of ideas dating far back in 
the last century which have not essentially altered since the time of 
Boltzmann. Tli ideas display great activity and development at the 
present time. The subject is relevant at this stage because it has a bearing 
on the deeper aspects of the problem of time; but it is so fundamental in 
physical theory that we should be bound to deal with it sooner or later in 
any comprehensive survey. 

If you tak<^ a pack of cards as it comes from the maker and shuflBe it for 
a few minutes, all trace of the original systematic order disappears. The 
order wull never come back how'cver long you shufDe. Something has been 
done which cannot be undone, namely, the introduction of a random 
element in place of arrangement. 

Illustrations may be useful even when imperfect, and therefore I have 
slurred over tw’o points w'hich affect the illustration rather than the ap- 
plication which we are about to make. It was scarcely tnie to say that 
the shuffling cannot be undone. Yon can sort out the cards into their 
original order if you like. But in consideiing the shuffling which occurs 
in the physical woild we are not troubled by a dcus ex marhina like you. 
I am not prepared to say how far the human mind is bound by the con- 
clusions we shall reach. So I exclude you — at least I exclude that ac- 
tivity of your mind which you employ in suiting the cards. I allow you to 
shuffle them l>ecause you can do that ahscut-mhulcdhj. 

Secondly, it is not quite tiue that the original order never comes back. 
There is a ghost of a chance that some day a thoroughly shuffled pack 
«vill be found to have come back to the original order. That is because 
of the comparatively small number of cards in the pack. In our applica- 
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tions the units are so niunerous that this kind of cx)ntingency can be dis- 
regarded. 

We shall put forward the contention that — 

Whenever anything happens which cannot be undone, it is always 
reducible to the introduction of a random element analogous to that in- 
troduced by shuffling. 

Shuffling is the only thing which nature cannot undo. 

When Humpty Dumpty had a great fall — 

All the king’s horses and all the king s men 
Cannot put Ilumpty Dumpty together again. 

Something had happened which could not be undone. Tlie fall could 
have been undone. It is not nocessarj' to invoke the king’ s horses and the 
king’s men; if there had been a perfectly elastic mat underneath, that 
would have suffic'cd. At the end of his fall Humpty Dumpty had kinetic 
energy which, properly directed, was just sufficient to bounce him back 
on to the wall again. But, the elastic mat being absent, an irrevocable 
event happened at the end of the fall — namely, the introduction of a 
random element into Humpty Dumpty. 

But why should we suppose that shuBling is the only process that 
cannot be undone? 

The Moving Finger writes; and, having writ, 

Moves on: nor all thy Piety and Wit 
Shall lure it back to cancel half a Line. 

When there is no shuffling, is the Moving Finger stayed? The answe^r of 
physics is unhesitatingly Yes. To judge of this we must examine those 
operations of nature in which no increase of tlie random elem<mt c an 
possibly occur. These fall into two groups. Firstly, we can study those 
laws of nature which control the behaviour of a single unit. Clearly no 
shuffling can occur in these problems; you cannot take the King of 
Spades away from the pack and shuffle him. Secondly, we can study the 
processes of nature in a crowd which is already so completely shuffled 
that there is no room for any further incToase of the random c‘ 1 ement. If 
our contention is right^ everything that occurs in these additions is 
capable of being undone. We shall consider the first condition im- 
mediately; the second must be deferred until p. 575. 

Any change occTuring to a body which can be treated as a single unit 
can be undone. The laws of nature admit of the undoing as easily as of 
the doing. The earth describing its orbit is controlled by laws of motion 
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and of gravitation; these admit of the earth s actual motion, but they also 
admit of the precisely opposite motion. In the same field of force the 
earth could retrace its steps; it merely depends on how it was started 
off. It may be objected that we have no right to dismiss the starting-off 
as an inessential part of the problem; it may be as much a part of 
Uie coherent scheme of nature as the laws controlling the subsequent 
motion. Indeed, astronomers have theories explaining why the eight 
planets all started to move the same way round the sun. But that is a 
problem of eight planets, not of a single individual — ^a problem of tlie 
pack, not of the isolated card. So long as the earth’s motion is treated as 
an isolated problem, no one would dream of putting into the laws of 
nature a clause requiring that it must go this way round and not the 
opposite. 

There is a similar reversibility of motion in fields of electric and mag- 
netic forc'e. Another illustration can be given from atomic physics. The 
quantum laws admit of the emission of certain kinds and quantities of 
light from an atom; these laws also admit of absorption of the same kinds 
and quantities, Le,, the undoing of the emission. I apologize for an ap- 
parent poverty of iUustration; it must be remembered that many prop- 
erties of a body, e.g., temperature, refer to its constitution as a large 
numb(T of separate atoms, and therefore the laws controlling tempera- 
ture cannot be regarded as controlling tlie behaviour of a single in- 
dividual. 

The c'ommon property possessed by laws governing the individual can 
be stated more cleiurly by a reference to time. A certain sequence of 
states running from past to future is the doing of an event; the same 
sequence runm'ng from future to past is the undoing of it — ^because in 
the latter case we turn round the sequence so as to view it in the ac- 
customed manner from past to future. So if the laws of nature are in- 
different as to the doing and undoing of an event, they must be in- 
different as to a direction of time from past to future. That is tlieir common 
feature, and it is seen at once when (as usual) the laws are formulated 
mathematically. There is no more distinction between past and future 
than between right and left. In algebraic symbolism, left is —x, right is 
+x; past is — f, future is This holds for all laws of natine governing 
the behavimu: of non-composite individuals — tlie “primary laws," as we 
shall call them. There is only one law of nature — the second law of 
thermodynamics — ^which recognizes a distinction between past and 
future more profound than the difference of plus and minus. It stands 
aloof from all the rest. But this law has no application to the behaviour 
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of a single individual, and as we shall see later its subject matter is the 
random element in a crowd. 

Whatever the primary laws of physics may say, it is obvious to 
ordinary experience that there is a distinction between past and future 
of a different kind from the distinction of left and right. In The Plattner 
Story H. G. Wells relates how a man strayed into the fourth dimension 
and returned with left and right interchanged. But we notice that 
this interchange is not the theme of the story; it is merely a corroborative 
detail to give an air of verisimilitude to the adventure. In itself the 
change is so trivial that even Mr. Wells cannot weave a lomancc out of it. 
But if the man had come back with past tind future interchanged, then 
indeed the situation would have been lively. Mr. Wells in The Time- 
Machine and Lewis Carroll in Sylvie and Bruno give us a glimpse of the 
absurdities which occiu* when time runs backwards. If space is “looking- 
glassed” the world continues to make sense; but looking-glassed time 
has an inherent absurdity which turns the world drama into the most 
nonsensical farce. 

Now the primary laws of physics taken one by one all declare that they 
are entirely indifferent as to which way you consider time to be pro- 
gressing, just as they are indifferent as to whether you view the world 
from the right or the left. This is true of the classical laws, the relativity 
laws, and even of the quantum laws. It is not an accidental property, the 
reversibility is inherent in the whole conceptual scheme in which these 
laws find a place. Thus the question w^hether the world does or does not 
“make sense” is outside the r^nge of these laws. We have to appeal to the 
one outstanding law — the second law of thennodynaniics — to put some 
sense into tlie world. It opens up a new province of knowledge, namely, 
the study of organization; and it is in connection with organization that a 
direction of time-flow and a distinction between doing and undoing ap- 
pears for the first time. 

Time's Arrow. The great thing about time is that it goes on. But this is 
an aspect of it wluch the physicist sometimes seems inclined to neglect 
In the four-dimensional world considered [previously] the events past 
and future lie spread out before us as in a map. The events are there in 
their proper spatial and temporal relation; but there is no indication that 
they undergo what has been described as “the formality of taking place,’' 
and the question of their doing or undoing does not arise. Wd see in the 
map the path from past to future or from future to past; but there is no 
signboard to indicate that it is a one-way street. Something must be 
added to the geometrical conceptions comprised in Minkowski’s world 
before it becomes a complete picture of the world as we know it. We 
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may appeal to consciousness to suflFuse the whole — ^to turn existence into 
happening, being into becoming. But first let us note that the picture as it 
stands is entirely adequate to represent those primary laws of nature 
which, as we have seen, are indifferent to a direction of time. Objection 
has sometimes been felt to the relativity theory because its four-dimen- 
sional picture of the world seems to overlook the directed character of 
time. The objection is scarcely logical, for the theory is in this respect no 
better and no worse than its predecessors. The classical physicist has 
been using without misgiving a .system of laws which do not recognize a 
directed time; he is shocked that the new picture should expose this so 
glaringly. 

Without any mystic appeal to consciousness it is possible to find a di- 
rection of time on the four-dimensional map by a study of organization. 
Let us draw an arrow arbitrarily. If as we follow the arrow we find more 
and more of the random element in the state of the world, then the arrow 
is pointing towards the future; if the random element decreases the ar- 
row points tou»ards the past. That is the only distinction known to 
physics. This follows at once if our fundamental contention is admitted 
that the introduction of randomness is the only thing which cannot be 
undone. 

I shall use the phrase ‘‘time’s arrow” to express this one-way property 
of time which has no analogue in space. It is a singularly interesting prop- 
erty from a philosophical standpoint. We must note that — 

(1) It is vividly recognized by consciousness. 

(2) It is equally insisted on by our reasoning faculty, which tells us 
that a reversal of the arrow would render the external world nonsensical. 

(3) It makes no appearance in physical science except in the study 
of organization of a number of individuals. Here the arrow indicates the 
direction of progressive increase of the random element. 

Let us now consider in detail how a random element brings the ir- 
revocable into the world. When a stone falls it acquires kinetic energy, 
and the amount of the energy is just that which would be required to 
lift the stone back to its original height. By suitable arrangements the 
kinc'tic energy can be made to perfonn this task; for example, if the stone 
is tied to a string it can alternately fall and reascend like a pendulum. 
But if the stone hits an obstacle its kinetic energy is converted into heat 
energy. There is still the same quantity of energy, but even if we could 
scrape it together and put it through an engine we could not lift the 
s^one back with it. What has happened to make the energy no longer 
serviceable? 

Looking microscopically at the falling stone we see an enormous multi- 
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tude of molecules moving downwards with equal and parallel velocities 
— an organized motion like the march of a regiment. We have to notice 
two things, the energy and the organization of the energy. To return to 
its original height the stone must preserve both of them. 

When the stone faUs on a su£Sciently elastic surface the motion may be 
reversed without destroying the organization. Each molecule is turned 
backwards and the whole array retires in good order to the starting- 
point — 

The famous Duke of York 
With twenty thousand men. 

He marched them up to the top of the hill 
And marched them down again. 

History is not made that way. But what usually happens at the impact is 
that the molecules suffer more or less random collisions and rebound in all 
directions. They no longer conspire to make progress in any one direc- 
tion; they have lost their organization. Afterwards they continue to collide 
with one another and keep changing their directions of motion, but they 
never again find a common purpose. Organization cannot be brought 
about by continued shuffling. And so, although the energy remains quan- 
titatively sufficient (apart from unavoidable leakage which we suppose 
made good), it cannot lift the stone back. To restore the stone we must 
supply extraneous energy which has the required amounUof organiza- 
tion. 

Here a point arises which unfortunately has no analogy in the shuffling 
of a pack of cards. No one (except a conjurer) can throw two half- 
shuffled packs into a hat and draw out one pack in its original order and 
one pack fully shuffled. But we can and do put partly disorganized 
energy into a steam-engine, and draw it out again partly as fully or- 
ganized energy of motion of massive bodies and partly as heat-energy in 
a state of still worse disorganization. Organization of energy is negotiable, 
and so is the disorganization or random element; disorganization does not 
for ever remain attached to the particular store of energy which first suf- 
fered it, but may be passed on elsewhere. We cannot here enter into the 
question why there should be a difference between the shuffling of energy 
and the shuffling of material objects; but it is necessary to use some cau- 
tion in applying the analogy on account of this difference. As ttegards heat 
energy the temperature is the measure of its degree of orgailization; the 
lower the temperature, the greater the disorganization. 

Coincidences. There are such things as chance coincidences; that is to 
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say, chance can deceive us by bringing about conditions which look very 
unlike chance. In particular chance might imitate organization, whereas 
we have taken organization to be the antithesis of chance or, as we have 
called it, the “random element.” This threat to our conclusions is, however, 
not very serious. There is safety in numbers. 

Suppose that you have a vessel divided by a partition into two halves, 
one compartment containing air and the other empty. You withdraw the 
partition. For the moment all the molecules of air are in one half of 
the vessel; a fraction of a second later they are spread over the whole 
vessel and remain so ever afterwards. The molecules will not return to 
one half of the vessel; the spreading cannot be undone — unless other 
materia] is introduced into the problem to serve as a scapegoat for the 
disorganization and carry off the random element elsewhere. This oc- 
currence can serve as a criterion to distinguish past and future time. If 
you observe first the molecules spread through the vessel and (as it seems 
to you) an instant later the molecules all in one half of it — then your 
consciousness is going backwards, and you had better consult a doc- 
tor. 

Now each molecule is wandering round the vessel with no preference 
for one part rather than the other. On the average it spends half its time in 
one compartment and half in the other. There is a faint possibility that at 
one moment all the molecules might in this way happen to be visiting 
the one half of the vessel. You will easily calculate that if n is the number 
of molecules (roughly a quadrillion) the chance of this happening is 
(K)". The reason why we ignore this chance may be seen by a rather 
classical illustration. If I let my fingers wander idly over the keys of a 
typewriter it might happen that my screed made an intelligible sen- 
tence. If an army of monkeys were strumming on typewriters they might 
write all the books in the British Museum. The chance of their doing so 
is decidedly more favoiuable than the chance of the molecules returning 
to one half of the vessel. 

When numbers are large, chance is the best warrant for certainty. 
Happily in the study of molecules and energy and radiation in bulk we 
have to deal with a vast population, and we reach a certainty which does 
not always reward the expectations of those who court the fickle goddess. 

In one sense the chance of the molecules returning to one half of the 
vessel is too absurdly small to think about. Yet in science we think about 
it a great deal, because it gives a measure of the irrevocable mischief 
'*'e did when we casually removed the partition. Even if we had good 
reasons for wanting the gas to fill the vessel there was no need to waste 
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the organization; as we have mentioned, it is negotiable and might have 
been passed on somewhere where it was useful/ When the gas was 
released and began to spread across the vessel, say from left to right, 
there was no immediate increase of the random element. In order to 
spread from left to right, left-to-right velocities of the molecules must 
have preponderated, that is to say the motion was partly organized. Or- 
ganization of position was replaced by organization of motion. A mo- 
ment later the molecules struck the farther wall of the vessel and the 
random element began to increase. But, before it was destroyed, the left- 
to-right organization of molecular velocities was the exact numerical 
equivalent of the lost organization in space. By that we mean that the 
chance against the left-to-right preponderance of velocity occurring by 
accident is the same as the chance against segregation in one half of 
the vessel occurring by accident. 

The adverse chance here mentioned is a preposterous number which 
(written in the usual decimal notation) would fill all the books in the 
world many times over. We are not interested in it as a practical con- 
tingency; but we are interested in the fact that it is definite. It raises 
“organization” from a vague descTiptive epithet to one of the measurable 
quantities of exact science. We are confronted with many kinds of or- 
ganization. The uniform march of a regiment is not the only form of 
organized motion; the organized evolutions of a stage chorus have their 
natural analogue in sound waves. A common measure cam now be ap- 
plied to all forms of organization. Any loss of organization is equitably 
measured by the chance against its recovery by an accidental coinci- 
dence. The chance is absurd regarded as a contingency, but it is precise 
as a measure. 

The practical measure of the random element which can increase in 
the universe but can never decrease is called entropy. Measuring by 
entropy is the same as measuring by the chance explained in the last 
paragraph, only the unmanageably large numbers are transformed ( by a 
simple formula) into a more convenient scale of reckoning. Entropy con- 
tinually increases. We can, by isolating parts of the world and postulating 
rather idealized conditions in our problems, arrest the increase, but we 
cannot turn it into a decrease. That would involve something much 
worse than a violation of an ordinary law of nature, namely, an im- 
probable coincidence. The law that entropy always increases-— the second 
law of thermodynamics — holds, I think, the supreme position among 

1. If the gas in expanding had been made to move a piston, the organization would 

have passed into the motion of the piston. 
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the laws of nature. If someone points out to you that your pet theory 
of the universe is in disagreement with Maxwell’s equations — then so 
much the worse for Maxwell’s equations. If it is found to be contradicted 
by observation — well, these experimentalists do bungle things sometimes. 
But if your theory is found to be against the second law of thermo- 
dynamics I can give you no hope; there is nothing for it but to collapse in 
deepest humiliation. This exaltation of the second law is not unreason- 
able. There are other laws which we have strong reason to believe in, 
and we feel that a hypothesis which violates them is highly improbable; 
but the improbability is vague and does not confront us as a paralysing 
array of figures, whereas the chance against a breach of the second law 
(i.e., against a decrease of the random element) can be stated in figures 
which are overwhelming. 

I wish I could convey to you the amazing power of this conception of 
entropy in scientific research. From the property that entropy must al- 
ways increase, practical methods of measuring it have been found. The 
chain of dedn*ions from this simple law have been almost illimitable; 
and it has been equally successful in connection with the most recon- 
dite problems of theoretical physics and the practical tasks of the engi- 
neer. Its special feature is that the conclusions are independent of the 
nature of the microscopical processes that are going on. It is not con- 
cerned with the nature of the individual; it is interested in him only as a 
component of a crowd. Therefore the method is applicable in fields of re- 
search where our ignorance has scarcely begun to lift, and we have no 
hesitation in applying it to problems of the quantum theory, although 
the mechanism of the individual quantum process is unknown and at 
present unimaginable. 

Primary arul Sccon^Iary Late. I have called the laws controlling the be- 
haviour of single individuals “primary laws ” implying that the second 
law of thermodynamics, although a recognized law of nature, is in some 
sense a secondary law. This distinction can now be placed on a regular 
footing. Some things never happen in the physical world because 
they are impossible; others because they are too imjyrohahle. The laws 
which forbid the first are the primary laws; the laws which forbid the 
second are the secondary law\s. It has been the conviction of nearly all 
physicists * that at the root of everj^thing th re is a complete scheme of 
primary law governing the cart'cr of every particle or constituent of the 
world with an iron determinism. This primary scheme is all-sufficing, for, 

2 . There are, however, others beside myself who have recently begun to question it. 
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since it fixes the history of every constituent of the world, it fixes the 
whole world history. 

But for all its completeness primary law does not answer every ques- 
tion about nature which we might reasonably wish to put. Can a universe 
evolve backwards, i.e,, develop in the opposite way to our own system? 
Primary law, being indifferent to a time direction, replies, ‘Tes, it is not 
impossible.*" Secondary law replies, “No, it is too improbable.” The an- 
swers are not really in conflict; but the first, though true, rather misses 
the point. This is typical of some much more commonplace queries. If I 
put this saucepan of water on this fire, will the water boil? Primary law 
can answer definitely if it is given the chance; but it must be understood 
that “this” translated into mathematics means a specific'ation of the 
positions, motions, etc., of some quadrillions of particles and elements of 
energy. So in practice the question answered is not quite the one that is 
asked: If I put a saucepan resembling this one in a few major respects on 
a fire, will the water boil? Primary law replies, “It may boil; it may 
freeze; it may do pretty well anything. The details given are insufficient 
to exclude any result as impossible.” Secondary law replies plainly, ‘‘It 
will boil because it is too improbable that it should do anything edse.” 
Secondary law is not in conflict with primary law, nor can we regard it 
as essential to complete a scheme of law already (ornplete in itself. It 
results from a different (and rather more practical) conception of the 
aim of our traflSc with the secrets of nature. 

The question whether the second law of thermodynamics and other 
statistical laws are mathemcftical deductions from the primary laws, pre- 
senting their results in a conveniently usable form, is difficult to answer; 
but I think it is generally considered that there is an unbridgeable hiatus. 
At the bottom of all the questions settled hy secondary law there is an 
elusive conception of “a priori probability of states of the woild” which 
involves an essentially different attitude to knowledge from that pre- 
supposed in the construction of the scheme of primary law. 

Thermodynamical Equilibrium, Progress of time introduces more and 
more of the random element into the constitution of the world. There is 
less of chance about the physical universe to-day than there will be to- 
morrow. It is curious that in this very matter-of-fact branch pf physics, 
developed primarily because of its importance for engineers, we can 
scarcely avoid expressing ourselves in teleological language. We admit 
that the world contains both chance and design, or at any rate chance 
and the antithesis of chance. This antithesis is emphasized by our method 
of measurement of entropy; we assign to the organization or non- 
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chance element a measure which is, so to speak, proportional to the 
strength of our disbelief in a chance origin for it. “A fortuitous concourse 
of atoms*' — that bugbear of the theologian — has a very harmless place in 
orthodox physics. The physicist is acquainted with it as a much-prized 
rarity. Its properties are very distinctive, and unlike those of the physical 
world in general. The scientific name for a fortuitous concourse of atoms 
is “thermodynamical equilibrium.** 

Thermodynamical equilibrium is the other case which we promised to 
consider in which no increase in the random element can occur, namely, 
that in which the shuffling is already as thorough as possible. We must 
isolate a region of the universe, arranging that no energy can enter or 
leave it, or at least that any boundary effects are precisely compensated. 
The conditions are ideal, but they can be reproduced with sufficient ap- 
proximation to make the ideal problem relevant to practical experiment. 
A region in the deep interior of a star is an almost pcifect example of 
thermodynamical equilibrium. Under these isolated conditions the 
energy will be shuffled as it is bandied from matter to ether and back 
again, and very soon the shuffling will be complete. 

The possibility of the shuffling becoming complete is significant. If 
after shuffling the pack you tear each card in two, a further shuffling of 
the half-cards becomes possible. Tear the cards again and again; each 
time there is further scope for the random element to increase. With 
infinite divisibility there can be no end to the shuffling. Tlie experi- 
mental faert that a definite state of equilibrium is rapidly reached indi- 
cates that energy is not infinitely divisible, or at least that it is not in- 
finitely divided in the natural processes of shuffling. Historically this is 
the result from which the quantum theory first arose. . , . 

In such a region we lose time*s arrow. You remember that the arrow 
points in the direction of increase of the random element. When the 
random element has reached its limit and become steady the arrow does 
not know which way to point. It would not be true to say that such a 
region is timeless; the atoms vibrate as usual like little clocks; by them we 
can measure speeds and durations. Time is still there and retains its 
ordinary properties, but it has lost its arrow; like space it extends, but 
it does not “go on.** 

This raises the important question, Is the random element ( measured 
by the criterion of probability already discussed ) the only feature of the 
physical world which can furnish time with an arrow? Up to the present 
we have concluded that no arrow can be found from the behaviour of 
isolated individuals, but there is scope for further search among the 
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properties of crowds beyond the property represented by entropy. To 
give an illustration which is perhaps not quite so fantastic as it sounds, 
Might not the assemblage become more and more beautiful ( according 
to some agreed aesthetic standard) as time proceeds?® The question is 
answered by another important law of nature which runs — 

Nothing in the statistics of an assemblage can distinguish a direction 
of time when entropy fails to distinguish one. 

I think that although this law was only discovered in the last few 
years there is no serious doubt as to its truth. It is accepted as funda- 
mental in all modem studies of atoms and radiation and has proved to 
be one of the most powerful weapons of progress in such researches. 
It is, of course, one of the secondary laws. It does not seem to be rigor- 
ously deducible from the second law of thermodynamics, and pre- 
sumably must be regarded as an additional secondary law.* 

The conclusion is that whereas other statistical characters besides 
entropy might perhaps be used to discriminate time’s arrow, they can 
only succeed when it succeeds and they fail when it fails. Therefore they 
cannot be regarded as independent tests. So far as physics is concerned 
times arrow is a property of entropy alone. 

Are Space and Time Infinite? 1 suppose that everyone has at some 
time plagued his imagination with the question, Is there an end to space? 
If space comes to an end, what is beyond the end? On the^'Other hand 
the idea that there is no end, but space beyond space for ever, is in- 
conceivable. And so the ima^nation is tossed to and fro in a dilemma. 
Prior to the relativity theory the orthodox view was that space is infinite. 
No one can conceive infinite space; we had to be content to admit in the 
physical world an inconceivable conception — disquieting but not 
necessarily illogical. Einstein’s theory now offers a way out of the di- 
lemma. Is space infinite, or does it come to an end? Neither. Space is 
finite but it has no end; "finite but unbounded” is the usual phrase. 

3. In a kaleidoscope the shuffling is soon complete and all the patterns are equal as 
regards random element, but they differ greatly in elegance. 

4. The law is so much disguised in the above enunciation that I must explain to the 
advanced reader that I am referring to “the Principle of Detailed Balancing.*’ 'Phis 
principle asserts that to every type of process (however minutely particularized ) 
there is a converse process, and in thermodynamical e(]uilibrium crirc*<!t and con- 
verse processes occur with equal frequency. Thus every statistical enutneration of 
the processes is unaltered by reversing the lime direction, i.e., intercliaoging direct 
and converse pnx:esses- Hence there can Ik* no statistical criterion for a direction of 
time when there is thermodynamical equilibrium, i.e. when entropy Is steady and 
ceases to indicate tirne'.s arrow. 
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Infinite space cannot be conceived by anybody; finite but unbounded 
space is diflBcult to conceive but not impossible. I shall not expect you to 
conceive it; but you can try. Think first of a circle; or, rather, not the 
circle, but the line forming its circumference. This is a finite but end- 
less line. Next think of a sphere — the surface of a sphere — that also is a 
region which is finite but unbounded. The surface of this earth never 
comes to a boundary; there is always some country beyond the point you 
have reached; all the same there is not an infinite amount of room on the 
earth. Now go one dimension more; circle, sphere — the next thing. Got 
that? Now for the real difficulty. Keep a tight hold of the skin of this 
hypersphere and imagine that the inside is not there at all — that the skin 
exists without the inside. That is finite but unbounded space. 

No; I don't think you have quite kept hold of the conception. You 
overbalanced just at the end. It was not the adding of one more dimen- 
sion that was the real difficulty; it was the final taking away of a dimen- 
sion that did it. I will tell you what is stopping you. You are using a con- 
ception of spac^' M^hich must have originated many million years ago and 
has become rather firmly embedded in human thought. But the space of 
physics ought not to be dominated by this creation of the dawning mind 
of an enterprising ape. Space is not necessarily like this conception; it is 
like — whatever we find from experiment it i*: like. Now the features of 
space which we discover by ex|3eriment are extensions, i.e., lengths and 
distances. So space is like a network of distances. Distances are linkages 
whose intrinsic nature is inscrutable; we do not deny the inscrutability 
when we apply measure numbers to them — 2 yards, 5 miles, etc. — as a 
kind of code distinction. We cannot predict out of our inner consciousness 
the laws by which code numbers are distributed among the different 
linkages of the network, any more than we can predict how the code 
numbers for electromagnetic force are distributed. Both are a matter for 
experiment. 

If we go a very long way to a point A in one direction through the 
universe and a very long way to a point B in the opposite direction, it is 
believed that betwetm A and B there exists a linkage of the kind indi- 
cated by a very small code number; in other words these points reached 
by travelling vast distances in opposite directions would be found ex- 
perimentally to be close together. Why n This happens when we 
travel east and west on the earth. It is true that our traditional inflexible 
conception of space refuses to admit it; but there was once a traditional 
conception of the earth which refused to admit circumnavigation. In 
our approach to the conception of spherical space the difficult part was 



5/8 Sir Arthur Eddington 

to destroy the inside of the hypersphere leaving only its three-dimen- 
sional surface existing. I do not think that is so diflScult when we conceive 
space as a network of distances. The network over the surface constitutes 
a self-supporting system of linkage which can be contemplated without 
reference to extraneous linkages. We can knock away tlie constructional 
scafiFolding which helped us to approach the conception of this kind 
of network of distances without endangering the conception. 

We must realize that a scheme of distribution of inscnitable rela- 
tions linking points to one another is not bound to follow any particular 
preconceived plan, so that there can be no obstacle to the acceptance 
of any scheme indicated by experiment. 

We do not yet know what is the radius of spherical space; it must, of 
course, be exceedingly great compared with ordinary standards. On 
rather insecure evidence it has been estimated to be not many times 
greater than the distance of the furthest known nebulae. But the 
boundlessness has nothing to do with the bigness. Space is boundless by 
re-entrant form not by great extension. That which is is a shell floating in 
the infinitude of that which is not We say with Hamlet, “I could be 
bounded in a nutshell and count myself a king of infinite space." 

But the nightmare of infinity still arises in regard to time. The world 
is closed in its space dimensions like a sphere, but it is open at both ends 
in the time dimension. There is a bending round by which East ulti- 
mately becomes West, but no bending by which Before ulttmately be- 
comes After. 

I am not sure that I am logical but I cannot feel the difficulty of an 
infinite future time very seriously. The difficulty about a.d. oo will not 
happen until we reach a.d. oo , and presumably in order to r(*ach a.d. cc the 
difficulty must first have been surmounted. It should also be noted that 
according to the second law of thermodynamics the whole universe will 
reach thermodynamical equilibrium at a not infinitely remote date in 
the future. Time’s arrow will then be lost altogether and the whole con- 
ception of progress towards a future fade^ away. 

But the difficulty of an infinite past is appalling. It Is inconceivable 
that we are the heirs of an infinite time of preparation; it is not less in- 
conceivable that there was once a moment with no moment preceding it. 

This dilemma of the beginning of time would worry us mote were it 
not shut out by another overwhelming difficulty lying between us and 
the infinite past. We have been studying the running-down of the uni- 
verse; if our views are right, somewhere between the beginniilg of time 
and the present day we must place the winding up of the universe. 
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Travelling backwards into the past we find a world with more and 
more organization. If there is no barrier to stop us earlier we must reach 
a moment when the energy of the world was wholly organized with 
none of the random element in it. It is impossible to go back any further 
under the present system of natural law. I do not think the phrase "wholly 
organized” begs the question. The organization we are concerned with is 
exactly definable, and there is a limit at which it becomes perfect. 
There is not an infinite series of states of higher and still higher or- 
ganization; nor, I think, is the limit one which is ultimately approached 
more and more slowly. Complete organization does not tend to be 
more immune from loss than incomplete organization. 

There is no doubt that the scheme of physics as it has stood for the last 
three-quarters of a century postulates a date at which either the entities 
of the universe were created in a state of high organization, or pre-existing 
entities were endowed with that organization which they have been 
squandering ever since. Moreover, this organization is admittedly the 
antithesis of ''hance. It is something which could not occur for- 
tuitously. 

This has long been used as an argument against a too aggressive ma- 
terialism. It has been quoted as scientific proof of the intervention of the 
Creator at a time not infinitely remote from to-day. But I am not ad- 
vocating that we draw any hasty conclusions from it. Scientists and 
theologians alike must regard as somewhat crude the naive theological 
doctrine which (suitably disguised) is at present to be found in every 
textbook of thermodynamics, namely that some billions of years ago God 
wound up the material universe and has left it to chance ever since. This 
should be regarded as the working hypothesis of thermodj’namics rather 
than its declaration of faith. It is one of those conclusions from which we 
can see no logical escape— only it suffers from the drawback that it is 
incredible. As a scientist I simply do not believe that the present order 
of things started off with a bang; unscientifically I feel equally un- 
willing to accept the implied discontinuity in the divine nature. But I 
can make no suggestion to evade the deadlock. 

Turning again to the other end of time, there is one school of 
thought which finds very repugnant the idea of a wearing out of the 
world. This school is attracted by various th ories of rejuvenescence. Its 
mascot is the Phoenix. Stars grow cold and die out. May not two dead 
stars collide, and be turned by the energy of the shock into fiery vapour 
from which a new sun— with planets and with life— is bom? This 
theory, very prevalent in the last century, is no longer contemplated 
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seriously by astronomers. There is evidence that the present stars at any 
rate are products of one evolutionary process which swept across 
primordial matter and caused it to aggregate; they were not formed 
individually by haphazard collisions having no particular time con- 
nection with one another. But the Phoenix complex is still active. Mat- 
ter, we believe, is gradually destroyed and its energy set free in radiation. 
Is there no counter-process by which radiation collects in space, evolves 
into electrons and protons, and begins star-building all over again? This 
is pure speculation and there is not much to be said on one side or the 
other as to its truth. But I would mildly criticize the mental outlook 
which wishes it to be true. However much we eliminate the minor ex- 
travagances of nature, we do not by these theories stop the inexorable 
running-down of the world by loss of organization and increase of the 
random element. Whoever wishes for a imiverse which can continue in- 
definitely in activity must lead a crusade against the second law of 
thermodynamics; the possibility of re-formation of matter from radia- 
tion is not crucial and we can await conclusions with some indifference. 

At present we can see no way in which an attack on the second law of 
thermodynamics could possibly succeed, and I confess that personally I 
have no great desire that it should succeed in averting the final running- 
down of the universe. I am no Phoenix worshipper. This is a topic on 
which science is silent, and all that one can say is prejudice. But since 
prejudice in favour of a never-ending cycle of rebirth of ^matter and 
worlds is often vocal, I may perhaps give voice to the opposite preju- 
dice. I would feel more content that the universe should accomplish 
some great scheme of evolution and, having achieved whatever may be 
achieved, lapse back into chaotic changelessness, than that its purpose 
should be banalised by continual repetition. I am an Evolutionist, not a 
Multiplicationist. It seems rather stupid to keep doing the same thing 
over and over again. 


The foregoing consists oj Chapter IV 

from Eddingtons the nature of the physical world. 



Sir James Jeans 


James Hopwood Jeans was born in London on September ll, 1877. 
He studied at Cambridge; he was second wrangler in i8g8. The 
reader of Galton’s Hereditary Genius ^ will realize that the last fact 
not only meant that Jeans had extraordinary inteUectual gifts hut 
that his career in the academic world was practically assured. 
Jeans became a lecturer in applied mathematics at Cambridge, 
was later a professor of the same subject at Princeton University, 
in New Jersey, and still later a professor of astronomy at the Royal 
Institution. His early studies were in the area of energy and radia- 
tion, but he made elegant contributions to astronomical theory, and 
it is as an astronomer that he is best known. He constructed mathe- 
matical models of the actions and interactions of astronomical 
bodies; in the course of this work he proved that Laplace’s 
theory of the origin of the solar system was impossible. 

Jeans conceived several original cosmogonies — theories, that is, 
of how the universe came into existence. And he wiote a number of 
widely read books for the laymen on this and other aspects of sci- 
ence and astronomy. Among these the best known is perhaps The 
Universe Around Us, which appeared in 1929, and from which the 
following selection is taken. We reprint here the last chapter of the 
book. Jeans was knighted in 1928 and was awarded tlie Order of 
Merit in 1939. He died on September 17, 1946. 

The reader who compares the foregoing biographical note with 
that of A. S. Eddington * will not fail to see the very many similarities 


^ See Vol. 8, pp. 227-261, in this set. 
* See Vol. 8, pp. 561-564, in this set 
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between the two men. Jeans was five years older; he was second 
rather than senior wrangler; and he died two years later. But both 
men won the Smith Prize at Cambridge, a great honor; both were 
Cambridge teachers; both were astronomers; both were knighted; 
both were O.M.’s; and both were successful scientific popularizers. 
More significantly for our purposes, perhaps, is that both, in the 
selections which appear in these volumes, concern themselves with 
the beginning and end of the universe. And it is notable that in 
some respects they have the same things to say. 

For example, in such a discussion it is now customary to mention 
entropy and tlie second law of thermodynamics, and both men do 
so. As to the question whether the universe wiU rejuvenate itself 
after its inevitable running down, both seem to agree that rebirth is 
not desirable, even if it is possible. And both emphasize the vast- 
ness of the time, space and radiation scales by which astronomers 
measure the world in which we live. But at this point an important 
difference may seem to appear between them. 

Wliere Eddington refuses to speculate, or does so unwillingly, 
Jeans leaps in. His qualifications for doing so should not be ques- 
tioned. He was a great mathematical astronomer, and he prol)- 
ably knew as much about the fate of the universe as anybody. But 
he is in the following selection not speaking of that fate from a 
strictly mathematical point of view. What strikes him about the im- 
mense amount of time that stretches before the earth is the oppor- 
hmities it affords for the amelioration of man’s condition. “Looked 
at in terms of time,” he writes, “the message of astronomy . . . be- 
comes one of almost endless possibility and hope.” Eddington had 
apparently seen no such thing, in a book written only a year before. 
There is about Eddington’s statements a kind of stoic resignation. 
Jeans is not resigned at all. “We have come into being in the fresh 
glory of the dawn,” he says, “and a day of almost unthinkable length 
stretches before us with unimaginable opportunities for accomplish- 


l^otes from the artist: "A modern technique, resettihling that 
of the painter Miro, was used for the portrait of Jeans 
because of the very contemporary style of Jeanses outn writings, 
which combined profundity with a colorful, popular style. 

The quotation is from The Mysterious Universe/* 
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ment.” All the problems of living will be possible of solution in this 
vast time, he seems to be implying, and life will have a meaning and, 
one supposes, a beauty that are practically inconceivable to the "dim 
heroic figures” of today. 

It shodd be noted that Jeans, though he is by comparison with 
Eddington of a highly optimistic temperament, is not entirely opti- 
mistic. "We may perhaps be glad,” he writes, “that our lives have 
fallen in the beginning, rather than at the end, of this great stretch 
of time. We may well imagine that if man survives to the end of it, 
he will have inWtely more knowledge than now, but one thing he 
will no longer know — the thrill of pleasure of the pioneer who opens 
up new realms of knowledge.” For him, the thrill is in the pursuit 
of knowledge, not in its possession. 



Beginnings and Endingi: 


V V e have seen how the solid substance of the material uni- 
verse is continually dissolving away into intangible radiation. Yesterday 
the sun weighed 360,000 million tons more than it does to-day, the dif- 
ference being the weight of 24-hours’ emission of radiation which is now 
travelling through space, and, so far as direct observation goes, is des- 
tined to journey on through space until the end of time. Less than a 
gramme of thib i^idiation contains enough energy to take a liner across the 
Atlantic, while a pound of it would suflBce to keep the whole British na- 
tion going for a fortnight — domestic fires, power stations, factories, 
trains, ships and all. The same transformation of material substance into 
radiation is in progress in all the stars, and to a lesser degree on earth, 
while the cosmic radiation may be found to provide evidence that the 
transformation takes place on a far grander scale throughout the depths 
of interstellar space. 

Cyclic Processes, It is natural to ask whether a study of the universe as 
a whole reveals these processes as part only of a closed cycle, so that the 
wastage which we see in progress in the sun and stars and on the earth is 
made good elsewhere. When we stand on the banks of a river and watch 
its current ever carrying water out to sea, we know that this water is in 
due course transfonned into clouds and rain which replenish the river. Is 
the physical universe a similar cyclic system, or ought it rather to be 
compared to a stream which, having no source of replenishment, must 
cease flowing after it has spent itself? 

THERMODYNAMICS 

To this question, the wide scientific principle known as the second law 
of thermodynamics provides an answer in very general terms. If we ask 
what is the underlying cause of all the varied animation we see around 
us in the world, the answer is, in every case, energy — ^the chemical 
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energy of the fuel which drives our ships, trains and cars, or of the food 
which keeps our bodies alive and is used in muscular effort, the mechani- 
cal energy of the earth’s motion which is responsible for the alterna- 
tions of day and night, of summer and winter, of high tide and low tide, 
the heat energy of the sun which makes our crops grow and provides us 
with wind and rain. 

The science of thermodynamics deals primarily with energy and the 
various changes which it can undergo. It is based fundamentally on two 
laws which are generally known as the first and second laws of thermo- 
dynamics. These deal respectively with the quantity and quality of 
energy. 

First Law of Thermodynamics. The first law of thermodynamics, which 
embodies the principle of “conservation of energy,” teaches that energy is 
indestructible; it may change about from one form to another, but its to- 
tal amount remains imaltered through all these changes, so that the total 
energy of the universe remains always the same. As the energy which is 
the cause of all the life of the imiverse is indestructible, it might be 
thought that this life would go on for ever undiminished in amount. 

Availability of Energy. The second law of thermodynamics shows that 
this is not so. Energy is indestructible as regards its amount, but it con- 
tinually changes in form, and generally speaking we may compare the 
two directions of change to journeys uphill and downhill. And it is the 
usual story. The descent is easy; but to retrace the steps — this is so diflB- 
cult that we rightly treat it as impossible and think of energy as passing 
only in the one direction. 

Actually it is not impossible, for the second law does not deal in 
certainties, but only in probabilities — and these of a somewhat unusual 
kind. It is perfectly in accordance with the laws of mechanics that energy 
should change its quality in the direction just described as upwards. But 
the odds against such a change in the energy either of the universe as 
a whole, or of any considerable part of it, are immense. The number of 
particles in the universe is perhaps of the order of lo^®, and the odds 
against such an occurrence as we have just mentioned are found to in- 
volve very high powers of lo^®. When the odds are of this kind, we need 
not trouble to differentiaj^e too closely between long odds and oertainties. 

For instance, both light and heat are forms of energy, and a million 
ergs of light-energy can be transformed into a million ergs of heat with 
the utmost ease; let the light fall on any cool, black surface^ and the 
thing is done. But the odds against the reverse transformation are of the 
kind we have just described, so that we generally say that it is impossible; 
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a million ergs which have once assumed the form of heat can never 
again assume the form of a million ergs of light. This is a special example 
of the general principle that radiative energy tends always to change 
into a form of longer, not shorter, wave-length. In general, for instance, 
fluorescence increases the wave-length of the light; it changes blue light 
into green, yellow or red, but not red light into yellow, green or blue. 
Exceptions to the general principle are known, but they are of special 
type, admitting of special explanations, and do not affect the general 
principle. 

It may be objected that the everyday act of lighting a fire disproves 
all this. Has not the sun’s heat been stored up in the coal we bum, and 
cannot wc produce light by burning coal? The answer is that the sun’s 
radiation is a mixture of both light and heat, and indeed of radiation of 
all wave-lengths. What is stored up in the coal is primarily the sun’s light 
and Ollier radiation of still shorter wave-length. When we bum coal we 
get some light, but not as much as the sun originally put into the coal; 
we also get some heat, and this is more than the amount of heat which 
was originally put in. On balance, the net result of the whole transaction 
is that a certain amount of light has been transformed into a certain 
amount of heat. 

All this shows that we must learn to think of energy, not only in terms 
of quantity, but also in terms of quality. Its total quantity remains always 
the same; this is the first law of thermodynamics. But its quality changes, 
and tends to change always in the same direction; tliis is the second law 
of iheiTnodvnainies. Turnstiles are set up between the different qualities 
of energy; the passage is easy in one direction, impossible' in the other. 
A human crowd may contrive to find a way round without jumping over 
turnstiles, but in nature there is no way round; energv flows always in 
the same direction, as surely as water flows dowmhill. 

Part of the downward patli consists, as we have seen, of the transition 
from radiation of short wave-length into radiation of longer wave- 
length. In terms of quanta the transition is from a few quanta of high 
energy to a large number of q\ianta of low energ\^ the total amount of 
energy of course remaining unaltered. The downfall of the energy ac- 
cordingly consists in the breaking of its quanta into smaller units. And 
when once the fall and breakage have takeri place, it is as impossible to 
reconstitute the original large quanta as it was to put Humpty-Dumpty 
back on his wall. 

Although this is the main part of the downward path, it is not the 
whole of it. Thermodynamics teaches that all the different forms of 
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energy have different degrees of “availability,** and that the downward 
path is always from higher to lower availability. 

And now we may return to the question with which we started the 
present chapter: “What is it that keeps the varied life of the universe 
going?” Our original answer “energy” is seen to be incomplete. Energy 
is no doubt essential, but the really complete answer is that it is the 
transformation of energy from a more available to a less available form; 
it is the running downhill of energy. To argue that the total energy of the 
universe cannot diminish, and therefore the universe must go on for ever, 
is like arguing that as a clock weight cannot diminish, the clock-hand 
must go round and round for ever. 

THE FINAL END OF THE UNIVERSE 

Energy cannot run downhill for ever, and, like the clock weight, it must 
touch bottom at last. And so the universe cannot go on for ever; 
sooner or later the time must come when its last erg of energy has reached 
the lowest rung on the ladder of descending availability, and at this 
moment the active life of the universe must cease. The energy is still 
there, but it has lost all capacity for change; it is as little able to work the 
universe as the water in a flat pond is able to turn a water-wheel. We are 
left with a dead, although possibly a warm, universe — a “heat-death.” 

Such is the teaching of modem thermodynamics. There if“no reason 
for doubting or challenging it, and indeed it is so fully confirmed by the 
whole of our terrestrial experience, that it would be diflBcult to find any 
point at which it could be open to attack. It disposes at once of any pos- 
sibility of a cyclic universe in which the events we see are as the pouring 
of river water into the sea, while events we do not see restore this water 
back to the river. The water of a river can go round and round in this 
way, just because it is not the whole of the universe; something extrane- 
ous to the river cycle keeps it continually in motion — ^namely, the heat of 
the sun. But the universe as a whole cannot so go round and round. 
Short of postulating some sort of action from outside the universe, 
whatever this may mean, the energy of the universe must continually lose 
availability; a universe in which the energy had no further availability 
to lose would be dead already. Change can occur only in the one direc- 
tion, which leads to the heat-death. With universes as with mortals, the 
only possible life is progress to the grave. 

Even the flow of the river to the sea, which we selected as an obvious 
Instance of true cyclic motion, is seen to illustrate this, as soon as all the 
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relevant factors are taken into account. As the river pours seaward over 
its falls and cascades, the tumbling of its waters generates heat, which 
ultimately passes off into space in the form of heat radiation. But the 
energy which keeps the river pouring along comes ultimately from the 
sun in the form mainly of light; shut off the sun's radiation and the river 
will soon stop flowing. The river flows only by continually transforming 
light-energy into heat-energy, and as soon as the cooling sun ceases to 
supply energy of sufiBciently high availability the flow must cease. 

The same general principles may be applied to the astronomical uni- 
verse. There is no question as to the way in which energy runs down here. 
It is first liberated in the hot interior of a star in the form of quanta of 
extremely short wave-length and excessively high energy. As this radiant 
energy struggles out to the star's surface, it continually adjusts itself, 
through repeated absorption and re-emission, to the temperature of that 
part of the star through which it is passing. As longer wave-lengths are 
associated with lower temperatures, the wave-length of the radiation is 
continually lengthened; a few energetic quanta are being transformed 
into numerous feeble quanta. Once these are free in space, they travel 
onward unchanged until they meet dust particles, stray atoms, free elec- 
trons, or some other form of interstellar matter. Except in the highly im- 
probable event of this matter being at a higher temperature than the 
surfaces of the stars, these encounters still further increase the wave- 
length of the radiation, and the final result of innumerable encounters is 
radiation of very great wave-length; the quanta have increased enor- 
mously in numbers, but have paid for their increase by a correspond- 
ing decrease in individual strength. Thus the main physical process of the 
universe consists in the energy of exceedingly high availability which is 
bottled up in atomic and nuclear stnictures being transformed into heat- 
energy at the lowest level of availability. 

Many, giving rein to their fancy, have speculated that this low-level 
heat-energy may in due course re-form itself into new electrons and pro- 
tons. As the existing universe dissolves away into radiation, their imagi- 
nation sees new heavens and a new earth coming into being out of the 
ashes of the old. Science can give no support to such fancies. She cannot, 
it is true, prove that the fanciful will not happen — she can only calculate 
the odds against it happening. And these prove to be so enormous that 
we may disregard altogether the possibility of its occurrence. Perhaps it is 
as well; it is hard to see what advantage could accrue from an eternal 
reiteration of the same theme, or even from endless variations of it. 

The final stale of the universe will be attained when all the material 
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mass which is capable of being transformed into radiation has been so 
transformed. 

We have seen that matter is distributed in space at an average rate of 
something like lo"*® gramme per cubic centimetre. The transformation of 
a gramme of matter into radiation liberates 9 X 10*® ergs of energy, so 
that the transformation of 10’*® gramme of matter liberates 9 x io‘® erg 
of ene^g)^ It follows that the complete transformation of all the substance 
of the existing universe would only fill space with energy at the rate of 
9 X 10 ® erg per cubic centimetre. This would only raise the temperature 
of space from absolute zero to a temperature which is still well below that 
of liquid air; it would only raise the temperature of the earth's surface by 
about a tenth part of a degree Centigrade. The reason why the eflFect of 
annihilating a whole universe is so extraordinarily slight is of course that 
space is so extraordinarily empty of matter; trying to warm space by an- 
nihilating all the matter in it is like trying to warm Waterloo Station by 
burning a few specks of dust here and there inside it. 

Such would be the final result of transforming the whole substance 
of the universe into radiation, but it is improbable that more than a 
small fraction of it can ever be transformed, so that the maximum result 
ever to be expected must be far below that just mentioned. As compared 
with any amount of radiation that is ever likely to be poured into it, the 
capacity of space is that of a bottomless pit. 

Such is the final end of things to which, so far as present-day science 
can see, the material universe must inevitably come in some far-off age, 
unless the course of nature is changed in the meantime. It is a state of 
things in which hfe, as we know it on earth, could not possibly survive. 

LIFE AND THE UNIVERSE 

Let us now glance for a moment at the relation of life to this dying 
universe. 

The old view that every point of light in the sky represented a possible 
home for life is quite foreign to modem astronomy. The stars have 
surface temperatures of anything from 1,650 degrees to 60,000 degrees or 
more and, as we have seen, are at far higher temperatures insidp. A large 
part of the matter of the universe consists of stellar matter at a tempera- 
ture of millions of degrees, its molecules being broken up into a|;oms, and 
the atoms broken up, partially or wholly, into their constituent parts. The 
rest consists, for the most part, of nebular gas or dust. Now the very con- 
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cept of life implies duration in time; there can be no life— or at least no 
life at all similar to that we know on earth — ^where atoms change their 
make-up millions of times a second and no pair of atoms can ever stay 
joined together. It also implies a certain mobility in space, and these 
two implications restrict life to the small range of physical conditions in 
which the liquid state is possible. Our survey of the universe has shown 
how small this range is in comparison with that exhibited by the universe 
as a whole. It is not to be found in the stars, nor in the nebulae out of 
which the stars are born. Indeed, probably only an infinitesimal fraction of 
the matter of the universe is in the liquid state. 

Actually we know of no type of astronomical body in which the condi- 
tions can be favourable to life except planets like our own revolving 
round a sun. Even these may be too hot or too cold for life to obtain a 
footing. In the solar system, for instanc'e, it is hard to imagine life exist- 
ing on Mercury or Neptune since liquids boil on the former and freeze 
hard on the latter. 

Even when ^11 the requisite conditions are satisfied, will life come or 
will it not? We must probably discard the at one time widely accepted 
view that if once life had come into the universe in any way whatsoever, 
it would rapidly spread from planet to planet and from one planetary 
system to another until the whole universe teemed with life; space now 
seems too a)ld, and planetary systems too far apart. Our terrestrial life 
must in all probability have originated on the earth itself. What we should 
like to know is whether it originated as the result of some amazing acci- 
dent or succession of coincidences, or whether it is the normal event for 
inanimate matter to produce life in due course, when the physical en- 
vironment is suitable. We look to the biologist for the answer, which so 
far he has not been able to produce. 

The astronomer might be able to give a partial answer if he could find 
evidence of life on some other planet, for we should then at least know 
that life had occurred more than once in the history of the universe, but so 
far no convincing evidence has been forthcoming. There is no definite 
evidenc'e of life anywhere in the universe, except on our own planet. 

Apart from the certain knowledge that life exists on earth, our only 
definite knowledge is that, at the best, life must be limited to a tiny frac- 
tion of the universe. Millions of millions of stars exist which support no 
life, which have never done so and never will do so. Of the planetary 
systems in the sky, many must be entirely lifeless, and in others life, if it 
exists at all, is probably limited to a few of the planets. The three 
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centuries and more which have elapsed since Giordano Bruno expressed 
his belief in an infinite number of worlds have changed our conception 
of the universe almost beyond description, but they have not brought us 
appreciably nearer to understanding the relation of life to the universe. 
We can still only guess as to the meaning of this life which, to all ap- 
pearances, is so rare. Is it the final climax towards which the whole 
creation moves, for which the thousands of millions of years of transfor- 
mation of matter in uninhabited stars and nebulae, and of waste of 
radiation in desert space, have been only an incredibly extravagant 
preparation? Or is it a mere accidental and possibly quite unimportant 
by-product of natmal processes, wliich have some other and more stupen- 
dous end in view? Or, to glance at a still more modest line of thought, 
must we regard it as something of the nature of a disease, which affects 
matter when it has lost the high temperature with which most of the 
matter in the universe would at once destroy life? Or, throwing humility 
aside, shall we venture to imagine that it is the only reality, which 
creates, instead of being created by, the colossal masses of the stars and 
nebulae and the almost inconceivably long vistas of astronomical time? 

Again it is not for the astronomer to select between these alternative 
guesses; his task is done when he has delivered the message of as- 
tronomy. Perhaps it is over rash for him even to formulate the questions 
this message suggests. 

THE EARTH Al^D ITS FUTURE PROSPECTS 

Let us leave these rather abstract speculations and come down to 
earth. We feel the solid earth under our feet, and the rays of the sun 
overhead. Somehow, but we know not how or why, life also is here; 
we ourselves are part of it. And it is natural to enquire what astronomy 
has to say as to its future prospects. 

The earth, which started life as a hot mass of gas, has gradually cooled, 
until it has now about touched bottom, and has almost no heat beyond 
that which it receives from the sun. This just about balances the amount 
it radiates away into space, so that it would stay at its present tempera- 
ture for ever if external conditions did not change, and any c(ianges in 
its condition will be forced on it by changes occurring outside. These 
changes may be either gradual or catastrophic. 

Of the gradual changes which are possible, the most obvious Is a dimi- 
nution in the light and heat received from the sun. We have seen that 
if the sun consisted of pure hydrogen, it could lose one part in 150 of its 
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whole mass through the transformation of hydrogen into helium. The 
energy thus set free would provide for radiation at the present rate 
through a period of 100,000 million years. 

The sun does not consist of pure hydrogen, and has never done so, 
but a fair proportion of its present substance is probably hydrogen, and 
this ought to provide radiation for at least several thousands of millions 
of years, at the present rate. After all the available supplies of hydrogen 
are used up, the sun will, so far as we can guess, proceed to contract to 
the white dwarf state, probably to a condition resembling that of the faint 
companion of Sirius. The shrinkage of the sun to this state would trans- 
form our oceans into ice and our atmosphere into liquid air; it seems im- 
possible that terrestrial life could survive. The vast museum of the sky 
must almost certainly contain examples of shrunken suns of this type, 
and some will liave planets like our earth revolving round them. Whether 
these planets carry on them the frozen remains of a life which was once 
as active as our present life on earth we can hardly even surmise. 

Such at l^nst would be the normal course of events, the tragedy we 
have described happening after a time of the order of perhaps 10,000 
millions of years. But a variety of accidents may intervene to bring the 
human race to an end long before any such interval has elapsed. To 
mention only possible astronomical occurrences, the sun may run into 
another star, any asteroid may hit any other asteroid and, as a result, be 
so deflected from its path as to strike the earth, any of the stars in space 
may wander into the solar system and, in so doing, upset all the planetary 
orbits to such an extent that the earth becomes impossible as an abode of 
life. It is difficult to estimate the likelihood of any of these events hap- 
pening, but rough calculations suggest that none of them is at all likely 
to happen within the next 10,000 million years or so. 

A more serious possibility is that the sun s light and heat may increase 
so much as to shrivel up all terrestrial life. We have seen how “novae'* 
occasionally appear in the sky, temporarily emitting anything up to 
25,000 times the radiation of the sun. It seems fairly certain that if our 
sun were suddenly to become a nova, its emission of light and heat would 
so increase as to scorch all life off the earth, but we are c'ompletely in the 
dark as to whether our sun runs any risk of entering the nova stage. If it 
does, this is probably the greatest of all the risks to which life on earth 
is exposed. 

Many a nova has been proved to be an ordinary star which was visible 
as a very faint star long before it appeared as a nova, flashed into bril- 
liance for a brief span of life, and then lapsed back into commonplace- 
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ness, and it seems reasonable to suppose that all novae are of diis land, 
although the star may often escape detection until it assumes its brilliant 
nova state. These apparitions are by no means rare; something like six 
are noticed every year in the galactic system alone. Let us suppose that 
a further six occur unnoticed. Then, if the galactic system contains about 
300,000 million stars, it follows that the average star becomes a nova 
once every 24,000 million years. This purely statistical consideration 
suggests that there is a substantial danger that our sun may do the same 
before 10,000 million years have elapsed. 

What we should like to know is whether our sun is in danger of becom- 
ing a nova — so far as can be told from the geological record, it does not 
seem to have done so for the last 1000 million years or so. So far there is 
no agreement among astronomers either as to the physical causes which 
him an ordinary star into a nova, or as to the physical conditions 
which prevail in novae. Various suggestions are in the field, but none of 
them wins general acceptance. But it seems quite possible that the nova 
stage is merely what happens when an ordinary main-sequence star first 
begins to contract into a white dwarf — if so, we need not count our 
dangers twice over. 

Apart from improbable accidents, it seems that if the solar system is 
left to the natural course of evolution, the earth is likely to remain a 
possible abode of life for thousands of millions of years to come. 

If so, we may perhaps be glad that our lives have fallen^in the be- 
ginning, rather than at the end, of this great stretch of time. We may 
weD imagine that if man survives to the end of it, he will have infinitely 
more knowledge than now, but one thing he will no longer know — the 
thrill of pleasure of the pioneer who opens up new realms of knowledge. 
Disease, perhaps even death, will have been conquered, and life will 
doubtless be safer and incomparably better-ordered than now. It will 
seem incredible that a time could have existed when men risked, and 
lost, their lives in traversing unexplored country, in climbing hitherto un- 
dimbed peaks, in fighting wild beasts for the fun of it. Life will be more 
of a routine and less of an adventure than now; it will also be more pur- 
poseless when the human race knows that within a measurable space of 
time it must face extinction and the eternal destruction of all its hopes, 
endeavours, and achievements. 

The 10,000 million years which seems a possible future for the existence 
of life on earth is more than three times the past age of the earth, and 
more than 10,000 times the period through which humanity has so far 
existed on earth. Let us try to set these times in their proper proportion 
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by the help of yet another simple model Take a postage stamp, and stick 
it on to a penny. Now climb Cleopatra's needle and lay the penny flat, 
postage stamp uppermost, on top of the obelisk. The height of the whole 
structure may be taken to represent the time that has elapsed since 
the earth was bom. On this scale, the thickness of the penny and postage 
stamp together represents the time that man has lived on earth. The 
thickness of the postage stamp represents the time he has been civilized, 
the thickness of the penny representing the time he lived in an un- 
civilized state. Now stick another postage stamp on top of the first to 
represent the next 10,000 years of civilization, and keep sticking on 
postage stamps until you have a pile as high as the towers of Westminster 
Abbey. Such a pile still provides an inadequate representation of the 
length of the future which, so far as astronomy can see, probably stretches 
before civilized humanity, unless an accident cuts it short. The first 
postage stamp was the past of civilization; a column higher than the 
abbey is its future. Or, to look at it another way, the first postage stamp 
represents v^hat man has already achieved; a pile which out-tops West- 
minster Abbey represents what he may achieve, if his achievement is 
proportional simply to his time on earth. 

Up to now, we know that his achievement has not been simply pro- 
portional to his time. In some respects at least — the mechanical arts, for 
instance — ^we advance at an ever increasing tempo. The contributions of 
successive generations are not equal, but continually increase in geo- 
metrical progression, so that material civilization advances more in a gen- 
eration now than it did in a millennium when it was at its commence- 
ment. If tills continual speeding-up were to persist throughout the whole 
astronomical future of the earth, it is impossible to imagine what the rate 
of advance would become before life disappeared from earth. But we can 
think of only too many factors which are likely to compel a slowing-down 
before long. 

We must remember too that we cannot count on such a length of 
future with any certainty. Accidents may happen to the race as to the 
individual. Celestial collisions may occur; shrinking into a white dwarf, 
the sun may freeze terrestrial life out of existence; bursting out as a nova 
it may scorch our race to death. Accident may replace our tower of 
postage stamps by a truncated column of only a fraction of the height of 
which we have spoken. Even so, our race has an “expectation of life” 
which must be measured in terms of thousands of millions of years. It is 
a period which the human mind, as apart from the mind of the mathe- 
matician, can hgrdly conceive with any clearness. For all practical pur- 



$g6 Sbr James Jeans 

poses the only statement that conveys any real meaning is that our race 
may look forward to occupying the earth for a time longer than any we 
can think of, and achieving incomparably more than anything we can 
possibly imagine. 

Looked at in terms of space, the message of astronomy is at best one of 
melancholy grandeur and oppressive vastness. Looked at in terms of 
time, it becomes one of almost endless possibility and hope. As inhabitants 
of a civilized earth, we are living at the very beginning of time. We have 
come into being in the fresh glory of the dawn, and a day of almost un- 
thinkable length stretches before us with unimaginable opportunities for 
accomplishment. Our descendants of far-ofiF ages, looking down this long 
vista of time from the other end, will see our present age as the misty 
morning of the world's history; they will see our contemporaries of to-day 
as dim heroic figures who fought their way through jungles of ignorance, 
error and superstition to discover truth, to learn how to harness the 
forces of nature, and to make a world worthy for mankind to live in. We 
are still too much engulfed in the greyness of the morning mists to be 
able to imagine, even vaguely, how this world of ours will appear to 
those who will come after us and see it in the full light of day. But by 
what light we have, we seem to discern that the main message of 
astronomy is one of hope to the race and of responsibility to the indi- 
vidual — of responsibility because we are drawing plans and laying foun- 
dations for a longer future than we can well imagine. 


The foregoing is Chapter VII 
from Jeans’s the universe aboxmd us. 
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X V ees Boeke was l)orn in Holland in 1884. He was trained as a 
civil engineer and later became a teacher. He founded the interna- 
tionally famous Wcrkplaats C'hildren’s Community at Bilthoven, Hol- 
land. Wer^phats means “workshop.” In its organization, methods, 
and curriculum this is a t\ pical progrcssis e school. But Boeke is far 
from being a typical educator. He is greatly interested in the possi- 
bilities of international education, and pupils in the Children’s Com- 
numitv come from many lands. He found^'d the Dutch section of the 
New Education Fellowship. And he wrote Cosmic View. 

^^osmic View is unique. It is the only selection in this set — indeed, 
it may be the only book in the world — that can be read backward as 
easily and as naturally as it can be read forward. 

That sounds impossible. But if you will take a quick look at it, you 
will immediately see what is meant. It would take much longer to 
e.vplain how and why the statement is true than for the reader to see 
that it is true. A glance at the author *s introduction will also be help- 
ful to an understanding of just what it is that Boeke is trying to do 
and, in particular, of the method of organization he makes use of to 
present his cosmic view. 

Once this organization is understood, it becomes clear that the 
book, though it has a first and last page, has no real starting place. It 
is arranged according to the powers of ten, but it could have lieen 
arranged atxjording to the powers of a thousand, or a million, or a 
billion. To put it another way, picture number 1, which corresponds 
in this arrangement to the first power of ten, could as easily have 
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been picture number 3, or 8, or 15. The basis of the arrangement is 
arbitrary. The book could begin and end anywhere. 

It is arbitrary, however, only from one point of view — from a point 
of view which could be called abstract, or mathematical. From an- 
other point of view, the beginning of the book is not arbitrary at all. 
The author starts with the familiar. The first picture is of a little girl, 
with a cat in her arms. They are quite recognizable. Toward the mid- 
dle of the book, this picture is repeated. That is not surprising. We 
expect to find something of human size at the center of the scale. 

It is a traditional idea that man is at the center of things. Plato has 
Protagoras say that “man is the measure of all things.” Pope sees man 
“in this isthmus of a middle state.” And the astronomer Harlow 
Shapley suggests that man is really about halfway in size between 
our galaxy as a whole — that is, the largest thing we know anything 
about — and an atomic partiele — the .smallest thing. Whetlier this is 
strictly true is not the question. Man is the reference point for man. 
Science, like everything else, starts with our seeing the world around 
us. And we see tlie world in relation to ourselves. What is small is 
small relative to us; what is large is large relative to us. too. 

It should be noted that on Boeke’s scale there is a great deal more 
“space” in the direction of the vast than in the direction of the mi- 
nute. Using powers of ten, he journeys “upward” to ten to the twenty- 
sixth power, and “downward” only to ten to the niiniis tliirteenth 
power. Thus he has gone ^farther “up” and “out” than he has gone 
“down” and “in.” And anyone who is acquainted with power series 
will realize that, though twenty-six is twice thirteen, he has gone 
much more than twice as far “out” as he has gone “in.” Indeed, he 
has gone millions and billions of times farther in the one direction 
on his scale than in the other, because he stops at the relative mag- 
nitude of the atomic nucleus on his “inward” journey. An atomic 
particle would be much smaller — ^how much, we do not really know. 

Not only is the reading direction of this book arbitrary — its length 
is arbitrary, too. Why does Boeke stop in the “outward” direction at 
ten to the twenty-sixth power? The reason is that beyond that order 
of magnitude we knov^ almost nothing, if anything at all Perhaps, 
as he suggests, the “curvature of space” would begin, at this point, 
to come into play. Perhaps we will know more about that in a few 
years or generations. And why does he stop on his “inward” journey 
at ten to the minus thirteenth power? Again it is a question of the 
limits of our knowledge. The universe is bounded, Boeke seems to be 
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saying, only by our ignorance. Nature itself does not stop in either 
direction. It is man, at the center of things, who can sec only .so far. 
But he sees farther all the time. 

That is an e.xciting thought. Another exciting idea is the one that 
Boeke suggests at the end of the hook. “Looking back on the whole 
.series of 40 pictures,” he says, “we find that in only 10 of them (3 to 
--6) is life known to exist. In other scales there may, however, be 
forms of life we do not yet know.” 

He docs not speculate, as some science fiction writers have done, 
on what these forms of life might lw>. He realizes that his gJiess would 
be no better than anyone else’s. But he does remind us, in a few 
wise, final sentences, what our responsibilities are when we are faced 
with a cosmic view. “Man, if he is to become really human,” he 
writes, “must combine in his being the gieatcst humilit) with the 
most careful and considerate use of the cosmic powers that are at 
his disposal.” Man, he is asking us to remember, is both very large 
and very small. 
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children and grownups alike, are inclined In live in 
our own little world, in our immediate surroundings, or at any rate with 
our attention concentrated on those things with which w e are directly in 
touch. We tend to forget how vast are the ranges of existing reality 
which our eyes cannot directly see, and our attitudes may become narrow 
and provincial- We need to develop a wider outlook, to see ourselves in 
our relative position in the great and mysterious universe in which we 
have been born and live. 

At school we are introduced to many different spheres of ('vistemee, but 
they are often not connected with each other, so that we an* in dang(*r of 
collecting a large number of images without realizing that they all join to- 
gether in one great whole. It is therefore important in our’*‘cducation to 
find the means of developing a wider and more conn(‘c'tc*d view oi our 
world and a truly cosmic view of the univ(*rs(* and our place in it. 

This book presents a series of forty pictures composc'd so that thev mav 
help to develop this wider view. They really give a seri(*s of vi(‘ws as st'cn 
during an imaginary and fantastic* journey through space — a jounuw in 
one direction, straight upward from the place where it bc’gins. Althougli 
these views are as true to reality as they can be made with our present 
knowledge, they portray a wonderland as full of marv(*ls as that which 
Alice saw in her dreams. 

The pictures originated in a school in the Netherlands, the* Werkplaats 
Children *s Community at Bilthoven, where a group of c hildren under my 
guidance drew the first versions of them. I began the project because of 
the importance of developing a sense of scale, and I therefotc' proposed 
to draw the same objects in different scales. In doing this I took advantage 
of the metric system, which logically corresponds with our numerical 
system, and made each successive scale one-tenth of the one before. When 
wc do this we seem to go right up into the* sky, so that we see objects from 
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ever-increasing heights, and at the same time see a constantly increasing 
field around them. We also notice that each imaginary jump we make to 
move from one scale to another one ten times smaller must be ten times 
greater than the previous jump. That is, if wc start at, say, five meters 
from an object and we first move to a distance of 50 meters in order to see 
it at one-tenth scale, we have moved 45 meters; if we then move again, to 
a distance of 500 meters, to reduce the scale again to one-tenth the pre- 
vious scale, we will have moved 450 meters, or ten times the length of our 
first jump. The next jump would be 4,500 meters, to a distance of 5,000 
meters, etc. We soon find that we have started on a tremendous journey 
of exploration, and we begin to wonder what we shall discover if we 
continue in the same way. 

The first 26 pictures of this book are the record of such an imaginary 
journey. 

When we undertook our plan, we saw that we must first decide on the 
date and the time of day of the journey, for we must know where the sun 
would he at that moment. So vve assumed that the moment of observation 
in each cave ' ould be and would remain December 21st at noon. We 
knew that the sun would then be at the winter solstice and that it would 
stand in th(' south. As an ‘‘object’’ to start with, we chose a child sitting in 
a deck chair in the courtyard of the school building, facing toward the 
south. 

As we raised our point of observation we saw first the school itself, then 
our village: Bilthoven near the town of Utrecht in the center of the 
Netherlands. Next our vi(*w included the whole central part of that 
conntrv. Going still higher, we saw the western part of Europe, and then 
tlu‘ whole earth. Soon th(‘ moon came into view, then ihe nearer planets 
and the sun. Tlie size* of tlu* whole solar system diminished with an 
astonishing rapidity as the height of our viewpoint increased, tenfold 
each time. 

As we continue in this way, our nearest neighbor stars are drawn into 
the picture, and before wc know it wc hav e passed right out of the Milky 
Way, our galaw, and see it from the outside. As we go on in ever more 
stupendous jumps our whole galaw^ in turn shrinks and shrinks, until 
finallv it becomes a small spot, and we ga/e through the numberU'ss uni- 
v’crses which are bev’ond and which look like a cloud of tiny specks of 
light. 

The (jueslion then arises: What should 've see if, inst(*ad of decreasing 
the scale, we should incrcast‘ it tcmfold each time? To find this out, we 
first go back to th(‘ original picture of the little girl sitting in front of the 
school, and then we begin a .second journey of exploration, which proves 
to be as full of marvels as the first, and which will be shown in the second 
half of this picture story. 



1 • The first picture, from which we start, is as we s«iid already one of a child 
sitting in front ot the school, with a cat on her lap. It is drawn on a scale of i to 
10. This means that a centimeter on the drawing is in n*alily lo centimeters. 
A centimeter (abbreviated ‘cm.”) is the hundredth part of a int‘ter, which 
cwcsiMinds to the yard as a unit of length. To be precise, a meter is 3 37 inches 
longer than 1 yard. One centimeter is therefore nearlv 0.4 inch In Jioth length 
and height, the picture mea.sures 15 c*cntimeters, or nearly 6 iiicht^l. An arrow 
shows the direction of north. 


602 I cm. in picture = 10 cm. in actuality. 


Scale of picture therefore = 1:10 


Zm • In the center of this second illustration we see a square 1.5 centimeters on 
each side and in it the picture of the opposite page to onedenth size, for the 
sake of comparison. Shown to the same scale are two automobiles, a smaller and 
a larger type, and also a strange object which at first we hardly rec^ognize as 
tlie front part of a whale. A long and nnlikelv story would certainly be needed 
to make the presence of a whale at this place and time plausible or even pos- 
sible. For our present puqiose, however, we shall not be held hack by such 
considerations; our aim in putting the poor dead whale there lying on its side 
is only to enable us to com])are the size of the young human being with one of 
the largest living creatures, also a mammal. Later this will enable ns to observe 
in how many of the domains of scale living creatures occur. 


1 cm. In picture = 100 cm. 


1 meter in actuality. 


Scale -- 1:100 ~ 1:10“ 603 


O. In the center we now see a tiny scjiiare, the sides of which aie oiiK 1.5 
millimeters in width (abbreviated 1,5 mm.). It clearly represents the illustra- 
tion two pages before: #1. The child (i) in it is barely visible, but the cars 
(2) can easily be distinguished and the whale (.3) shows up nice^ in its full 
length of some 30 meters, which is about the rec^ord length these f^dlow mam- 
mals reach. The U-shaped building (4) tells a story of the war years, when 
the German military built it during the occupation of the Nether|iinds. After 
the liberation it was rebuilt and enlarged to become the central (milding for 
the Werkplaats Children’s Community. The long building (5), tyj^'cal of Hoi- 
land, is a bicycle shed. Note that the number of each picture corresponds with 
the exponent of the powder of 10 in the .statement of the boldface line below 
each caption giving the .scale. 

fX)4 I cm. in picture “ 1,000 cm. - 10 m. 


Vnla — l.mnn — 1.1 



4 , It is surprising that already in this fourth illustration the child, who filled 
the greater part of the first picture, has completely disappeared. The reason, as 
we said in the introduction, is that each time we jumped upward, we had to 
go ten times higher than we were, in order to product^ an image at a scale 
one-tenth that of the one l)efore. If we viewed the little girl from a height of, 

5 nieters in picture i, we had of nec'essitv risen to 50 meters to see #2, 
to 500 meters for #3, and now we look down from a height of 5,000 meters. 

That is higher than Mont Blanc, Europe’s highest mountain! No wonder that 
the huge whale can now hardly be distingiiished. We notice a strange wav\» 
line reaching the school building. We wonder what that is. The next drawing 
will show. 

1 cm. in picture = 10,000 cm. = 10^ cm. rr 100 m. Scale = 1:10,000 - 1:10^ 605 




%-/. VVc have now jumped to a height ot 50,000 imHers or 50 kilometers, 
that is more than 30 miles, and we notice a scH:ond effect of onr jumps: not 
only are all lengths we see reduced tenfold each time, but the area which 
comes intg our field of vision increases a hundredfold. So the above illustra- 


tion covers a scpiare ] 5 kilometers on a side, and we see Bilthoyen ( 1 ) as a 
suburb of Utrecht (2).1\ dotted wavy line symbolizes a radio \vave of 298 
meters wave length reac})ing Bilthoven from the transmitter $outhwest of 
Utrecht, called ‘"Ifilversum” after the town (3) where its stuejios are. The 
1.5-centimeter square in the middle gives again, as it has done «ach time, a 
reduced representation of the preceding illustration. As this illustration contains 
a photograph of a detailed plan of Bilthoven, it just shows the houses, though 
very minutely. 


606 1 cm. in picture - 10^ cm. = 1,000 m. = 1 km. 


Scales 1:100,000^ 1:10' 







6. Iloie v\( s(t' tlu (ential pait of the \tth<ilaiu]s Hit small squau in the 
middle of touise shows the town of Utrecht, .md the tinv stjiiare inside is the 
twice-i educed pictiiie of illustration 4 Theic is Bilthosen, and there is 
the little gill w(* know she must lx* there, hut we cannot see her’ The drawing 
has now' become like a geogMphical map of c ential Holland We ‘^ee the largest 
towns Amsteidani (1), The Hague (2), Ro^teldanl (3), also the rivers Rhine 
(4) and Meuse (5) The ha\ in the Noith used to be the Zindei Zee It now 
has become a lake, the 'Yssel Lake” named thus aftei the Ysscl (6), the arm 
of the Rhine which flows into it In the \ssel Lake new land (7) is being re- 
claimed by making dikes (8) and removing the w.iter h\ pumping In the 
lower right cemter the town of Arnheim (9) is shown 


1 cm m picture 1. 10' cm = 10 km 


Scaler: 1 1,000,000 - 1 10‘ 607 






7 * Whereas picture 5 gave us the ot a local district, and #6 the towns 

of a country, this 7th drawing covers part ot a continent — western Europe — 
and shows a number of its countries. Actually 15 difFerent countries are wholly 
or partly visible, as well as 10 of their capitals and a number of rivers, too 
many to mention by name* The map further shows thrt.‘e seas — tl^c North Sea, 
the Baltic, and the Adriatic — and a portion of one of the oceans, the Atlantic. 
As a square 1,500 kilometers on a side is covered, the spherical ’shape of the 
earth becomes visible; one of the parallels of latitude is drawn tO! demonstrate 
this, but the curvature is still so slight that the map can still be thought of as 
flat. It will need one more jump to reveal it as part of the surface of a sphere. 


608 1 cm, in picture = 1 0' cm. r: 1 00 km. 


Scale = 1:10,000,000- I-IO* 




ft 

O • Until now we have been getting eaeh time a ^^ider N iew of our “world.” 
We now see the whole of it as a limited dwelling place in the surrounding 
blackness of spaee. Whereas in the last pieture we could see countries, we now 
can see five of tlie six continents; only Australia does not come into the picture. 
We notic*e that the northern part of the globe is in shadow; as the picture was 
taken on D(‘C(‘mber 21st at noon, the .sun \>as in the south, and davlight did 
not reach farther north than the Arctic Circle. This shaded part of the earth in 
reality would have been much darker. It has, however, been left a dark gray, 
in order to show the vi.sible portions of North America and northeast Asia. Tlie 
North Pole (1 ) and the Equator (2), as well as the meridians and the parallels 
of latitude for every 15 degrees, are shown as dotted lines. 


1 cm. in picture ~ 10^ cm. = 1,000 km. 


Scale 1:100,000,000 -- 1:10^ 609 




y • The earth, which reached nearly to the large srjiiarc on the previous page, 
now fits into the small square. The distance we hav(‘ had to travel straight up, 
to get its size thus reduced, is tremendous: according to our reckoning in draw- 
ings 4 and 5, we should he now 500,000 kilometers up, or about 3^2,500 miles 
— more than the distance' to the moon. From here we sec the eartfi as a planet 
spinning counterclockwise in the empty, dark, surrounding space. The sun, in 
the south, makes it shed its shadow toward the north. Two faint dotted lines 
mark the limits of this “umbra" (1). Another dotted line (2) giVes the path 
along which the earth moves, from right to left. Many faraway stars would be 
visible, but these are left out in this drawing and others that follow, to con- 
centrate attention on our “immediate surroundings.” 


610 1 cm. In picture = 10® cm. - 10,000 km. 


Scale = 1:1,000,000,000= 1:10® 




■ 

• It must have struck the reader that in tlie last hvo illustrations the 
shaded part of the earth was not of even darkness, but was clearly lighter on 
the left hand side. The cause of this becomes clear in this picture. In it we not 
only see the earth (i), its umbra ( 2 ) and the path (;i) along which it moves, 
hut vve notice around the earth what looks like a circle. This line ( 4 ) is the path 
or orbit of the moon as it moves around the earth. The actual position of the 
moon ( 5 ) on that December 21 st when we were supposed to make our celestial 
jump of exploration is shown. It now' is clear that as the moon w^as there on the 
left, the night on earth was lit up on that side. As light travels 300,000 kilo- 
meters per second (that is, 3 centimeters on tins scale), we see that it would 
need 1.3 seconds to cover the distance from the moon to the earth. 



1 cm. In picture 10*'' cm. n 100«000 km. 


Scale = 1:10,000,000,000 =. 1:10'« 6 n 


I I • In the preceding drawings the actual shape of the moon’s orbit appears 
to l)e practically a circle. As a matter of fact, it is not exactly a circle, but the 
diflFcrence is so slight that it is only visible in the position of the earth, which 
is in one focus of the ellipse, and therefore not in the center. There actually 
would be a slight flattening of the circle, because we arc perpen(^cular above 
the earth, and therefore straight above the plane of the moon’s jorbit, which 
itself makes a small angle with the earth's. These factors have hcein taken into 
account in composing the curve (6), f.r., the orbit as it would really 
appear to us from above; but they are small even in # lo and in this drawing 
they are not noticeable. It .shows the earth (i), the moon (5), and its orbit 
(4) ; the earth's umbra (2) , and its orbit (3) , which now can be seen to be very 
slightly curved, 

612 1 in picture = 10’^ cm. =: 1,000,000 km. 


Scales 1j10»‘ 



I JL % The tiny circle ( i ) in the center of the smallest square is now the moon’s 
orbit. The earth’s position is marked by a dot, although the dot is much too 
large and actually the earth would he invisible on this scale. Its orbit (2) is 
now clearly curved. Under the earth’s orbit another curve (3) is drawn. That 
is the orbit of the planet Venus, \vhich moves around the .sun as the earth does 
and in the same direction: in this drawing, fiom right to left. The size of the 
sun, if it were drawn at this scale, would be 1.4 millimeters. We will repeat 
heie that the black area ol the abo\e .squaie would in reality be studded w ith 
a multitude of stiu*s. We leave them out in this drawing and in the following 
drawings for the reason stated earlier. 


1 cm. in picture = 10‘‘ cm. 10,000,000 km. 


Scale - 1 : 10 ’- 613 


I O. The sun (2) has now come into the picture. It is 1.5 centimeters away 
from the earth (1). The size of the earth has shnink to 1.3 micron and even 
the sun's size should be only 140 microns. The dots denoting them are there- 
fore much too big, for a micron is only a thousandth of a millimeter! Inside the 
earth's orbit we see the planets Mercury (3) and Venus (4). Outside it are 
Mars (5) and Jupiter (8) with their orbits. The position.s of the planets (just 
as that of the moon in #10) in this and following drawings are tho$e which they 
occupied when we undertook our miraculous and timeless joufney through 
space. We will now state more precisely when this was: It was December 2i.st 
of the year 1951. In addition to the sun and the planets we see part of the 
orbit of Halley's Comet (7), which cximes into our “neighborhood” once every 
77 years. 

614 1 cm. in picture = 10^^ cm. = 100 million km. 


Scale = l: 10 ^-‘ 



I ^ • The whole solar system is now' in view'. The sun and the planets nearest 
it — Mercury, Venus, earth, Mars — have together been reduced to a tiny circle 

(1) , but the other planets and their wider orbits arc clearly seen: Jupiter 

(2) , Saturn (3), Uranus (4), Neptune (5), and Pluto (6). The latter’s orbit 
at one place comes inside Neptune’s. The w hole orbit of Halley’s (hornet is here; 
also its position in 1951 (7). It will be near the earth again in 1986. The elliptic 
nature of the planets’ orbits has been taken into account. In most cases, how'- 
ever, this again means only that the sun is not in the center of an orbit, for the 
different'e of its shape from the circle cannot be seen in any of them except 
Pluto’s. The inclination ol the orbits to the plane of the horizon of Bilthoven 
has been neglected. Light would on this scale travel about 1 centimeter pi»r 
hour. 


1 cm. in picture 10'* cm. “ 1,000,000,000 km. 


Seder: 1:10‘* 615 



U . In this drawing the whole solar system, that is, the sun with all the 
smaller bodies which move around it, has been reduc(‘d to the space of a circle 
a little over i centimeter in diameter. Apart from the planets and Halley’s 
Comet, which were shown in #13 and #14, there are a numl)er of very small 
bodies, which we leave, out because they are too small to be s0en from such 
distances. These pictures rcallv give a wrong impression of what the solar svs- 
tem would look like, for all the orbits are shown. What would be seen would 
l>e only the sun as a small star (it would at this di.stance seem ohly about 100 
times as bright as Venus looks from the earth) and near it the planets, which 
themselves give no light but are merely lit up by the sun on the sides turned 
toward it Light takes nearly 1 1 hours to travel across the solar system. 


616 1 cm. in picture n 10*^' cm. = 10,000,000,000 km. 


Scole 1 : 10 " 



lO. The tiny circle inside the smallest square now contains the whole field 
in which the vicissitudes ot the solar system take place. If we continue the 
reckoning we used in drawings 4, 5, and 9, we should be now at a height of 
5 nn’llion million kilometers above the horizon of that village in Holland from 
where we started. As we have imagined all along that we are making our trip 
without spending time, this means that it would have taken the light ra\s which 
we now see more than six months to cover the enormous distance from the 
earth, even though the)' tiavel at the rate of 299,800 kilometers per secondl 
It also means that if we h,id a marvelo\isly good telescope and could see details 
of events on earth, tht' events ^^’e watched would be those that happened more 
than six months ago! 


1 cm. In picture — 10^''’cm. — 100,000,000,000 km. 


Scale- 1:10‘" 617 


I / • This seems a very uninteresting^ picture: it contains no more than one 
tiny white spot in the center of a l)lack s(|uare! That spot, liowever, stands for 
the whole solar system, which (>11 this scale would he only little more than 0.1 
millimeter in diameter. In n'alits this illustration therelore is a V(‘ry intercstin|T 
one, because W(‘ now know and understand that that little spedc of light con- 
tains not only the sun, but with it, all the planets, comets, astttoids, and me- 
teorites which move around it . . . and their orbits! And w(* nilw realize that 
it is (juite possibh* that numberless other stars that wc see at night inav have 
such satellites moving around them. All other stars that could he seen besides 
our sun are still left out, as our aim is primarily to show our owai “immediate 
surroundings." Light, on this scale, w'ould travel 9.46 centimeters, or about 4 
inches, in a year. 


618 1 ifi picture 10’“ cm. 1 light-year ~ 9.46 cm. 


Scale 1:10' 



I O • For the first time we now show just one star besides the sun; there is no 
loniy(*r fear of confusion, as the wliolc solar system has been reiluced to a point 
(i). The star marked (2) is the double star called Aljdia in the constellation 
C<*ntaurns. 'I’his star, Aljiha Centanri, is the star nearest to the earth, if we do 
not reckon the ver\ faint rroxima (Vntauri, w'hich ina\ be slightly nearer. Its 
distanc(‘ from the earth is about 4 light-years w’hich means that light needs 
about 4 vears to cover that distance. On the scale of this drawing, 1 light-year 
would b(‘ 0.946 centinu'ters, that is, about i centimeter. Alpha (anitanri is 
theicfore at a distance of about 4 c<*ntimetcis from the sun. In the diawing it 
sv'cins nearer. The explanation of this .seeming discrepancy is that Alpha Cen- 
tauri is fartlier avvav than the snn from our farawiu' point of obsen ation. 


1 cm. in picture -- 10'"' cm. - about 1 light-year. 


Scale I -.IO’'' 


lx. Every time, the jump we make to our n(‘xt point of observation gets 
more inconceivabl)' large. From the present one we could no longcT see the sun 
with the naked eye, for without the help of a te](*scope a star .such as the sun 
is barely visible at a distance of 55 light-years, and our point of observation 
would now })e at a distance of 500 light-years. It is not siirprisiog that the sun 
could no longer be seen with the naked eve from that distance, as its size at 
the scale of this drawing would only be 0.00014 micron, or almut the si/e of 
an atom! Apart from the sun and Alpha (^entauri, 36 stars are shown all of 
which are known to be at less than 50 light-years distance from llu' sun. They 
are all where they would .seem to l)e if W'e looked down on them on Decern I xt 
21 . 1951, at noon. A circle marks the di.stance of 50 light-years from the sun. 


620 I cm. in picture - 10’^* cm. about 10 liqht-years. 


Scale r- 1 : 10 "' 


20. This little f-roiijs <)t stars is of eoiirse the same as the one on #19. Inil 
seen from ten times farther awav. We could give for all of them the names by 
which the astronomers kn.m then), hut we nrcntion only 12 of the Irest known, 
putting numhers un.ler th.- eorrespondu.g st.us in =« 19, as there is roo,n h.r them 
there. ‘First the sun (1); then Alpha Cenlauri (2). Beta HyaW (■^). Delta 
Pavloni (4), Castor (s). Pollux tfi). CapeV. (- 1 . Procyon (hi, Siruis (9). 
Areturns ( 10), Altair ( 1 . ) and \’ega (12' No attempt has been made to in- 
dicate the relatis’e brightness of tin- stars .shown, for it would he xery dilferent 
as seen Irom our present faraway point ol observation lioin what it apjiears to 
!>(• from the earth. 


1 cm. in picture - 10 *“ cm. r about 100 light-years. 


Scale — 1:10“" 621 



jL I . We have ^K)\v junipt'd so hi^rh that we have come out of the eoinplex of 
stars to which onr solar s\stem helonj^s, and wliich we eaii S(‘(‘ on a clear starlit 
nii^ht as a laintly lighted strip right across the sk^ ; the Milkv Way, It is nsiially 
called the galactic system and (ontains inanv thousand millions ()f stars, d’he 
sun is only a very unirnj)ortant one of these, and it is situated not in the center 
hilt in the outskirts, which we see in the above drawing. In the tinv stiuare 
we notice that the sun and its 37 neighbor stais, whicli in filled the small 
.square, have now become but one dot. The other stars are huddli'cl togetlier in 
irregularly formed groupings, in which we can hardly discover any ch'ar .sluipe 
or line. We shall need to make another jump to di.scover the giaieral foim of 
the galaxv and of th(' formation of stars nearest to the sun. 


622 1 cm. in picture .. 10' cm. - about 1,000 tight-years. 


Scale 1 : 10 - 



Hcu* we litivc the entire qalattit s\slem or ot which on the 

previous pai;e we saw onK what is now in tlie small square Oiii cjalaw is a 
spiial, it h.is the shape ol a disk ironi which a nnmhei of spiral aims piotiiicle 
At the lentei the disk is much thickei than at the edj’es, vvheie it is quite thin 
the biii^ht sliinmtr centei holies out We see this ciieulai disk partlv tilted 
liom the side so that it looks like an ellipse Tn the small squaie wc now recog- 
nize m the stieak of light i lathei inegulai spiral aim n(‘ar which oui solai 
svshni is situated Apait fiom this one othd spiral aims can be seen Redow on 
the light theie is a stiange nebulous bod) It is the (heal Mag(‘llamc Cloud 
a much smallei galaw, fai behind oui own Milkv Wav The white spots aioiind 
the galaxy are the hundred and moie globulai clusters of stais which sur- 
lound It 


1cm in picture 10 cm about 10,000 light years 


Scale 1 10 ‘ (123 



zo. H(nvev<M- larj];u the object is, the next jimip lechiees it to cme-tenth its 
si/e. So here we find oiir mila.xy again, but as an ellipse ( i ) barelv 8 inillinieters 
in length, and inside the small .scjiiare. The Gre.it Magi'Ilanie Cloud (2) is 
again p.irth visible, but it lies far behind it. The Small Magellanic (’loud 
(3) can now be seen, and also two more of the galaxies which are relatively 
near our Milky Wav. They are the Sculptor (4) and the Fonuix (5) s\s- 
terns. No other galaxies are drawn, although many further away ^'oiild be visi- 
ble, (or again wr want to concentrate attention on “our own world" and its 
“nearest neighbois." We must think of our galaxy whirling around, clockwi.se, 
onlv once in 200 million veais. And yet this movement gives to our solar sys- 
tem, because it is so close to the edge of the disk, the terrific speed of 216 
kilometers per .second! 

624 1 cm. in picture _* cm. about 100,000 light-years. 


Scale ~ 1 : 10 ‘^ 



i4. Ill lllis illustration wo show oiih what astioiioineis lall om local 151011]) 
of i-alaMcs, loasiin; out all othois I hue is a neiicial tomk-ncN of ealaxies to 
Ifathci 111 nioiips SOUK' not niimoions othus si vi'ial liiindirtl 01 o' on a thousand 
stronii How nian\ iniist ho lockomd to holoni; to oni loial cn'"!’ '' P"*- 

sihlo to sa\ at those stiipondoiis distanus, it is no lonnoi possiblo to obtain 
'oi\ pioiiso data It is iiitain tbit oin loi..' ^loiip iinlndos tho aalavos ninn 
hoK'd I 2 ind } III tho pii'ioiis diawini; and also in tin abo'i ilhistiation 
tho uioat sinial in \iidioinoda 1 diod Missioi V Id' "ith its companions 
NCC 147 (7) and \( 1 ( ih=i (S' and tho spiial sistim Mossioi 5] in tho eon 
sti nation Tiiaimnhini n)' Olhii nalavii s whii h an iisiialb loiisidoiod to bo 
loniT ato Ihoso ninnbond 4 and s pio'ions pnto and tho s\ stems \(1(' 

btS22 (id) .md 1( 1(11^ I n ) 

about 1 million light-years 


] cm in picture 10 ‘ cm 


Scale _ 1 10*‘ 625 



25 . 


Now that our \\hol<* local group of galaxies has shnink to ihc size of 
less than 2 millimeters in the center ot the small scjuare, we have in the above 
drawing indicated some o( the coimtl(‘ss other g<daxies and clusters of gabixies 
which are spread out in all directions. Their distribution is known to be lairly 
uniform. XaturalK the ,^})ove drawing does not try to b(* an exact re[)resenta- 
tioii. In th(‘ two previous ones the galaxies shown weie actually placed in the 
positions they would be in, with reference to our galaxy, if w(’ could look at 
them from our imaginary point of obser\*ation above that place ort earth and on 
that moment when wc undertook our fantastic flight. Now, however, all we can 
do is to sketcli a Iarg(‘ number of galaxies and groups of galaxies of different 
sizes and to make their average distance the kind of dimension it is known to be. 


Scale - 1:10'"* 


626 1 cm. in picture 10“'* cm — about 10 mllla)n light-years. 



zo. 1 m tliis last pictMR' of tht* snios at rcdnced scales, wt* natnralK find that 
all ^ala\i(‘s and groiijis of galaxies, even the largest of them, are reduced to 
dots of various sizes. It gcK's without saying that the placing of them has heen 
of necessitv quite arhilrary. Tlie object is merelv to give a very faint idea of 
the inconceivably large number of galaxies in the midst of which our Milky 
Way is placed. The number of galaxies which are \isible with our present 
leh‘scop(‘S is of the nature of a thou.sand million. The farthest of these wmuld 
be at a distance from the earth of 2,000 million light-years, that is, something 
lik(‘ the length of a diagonal of the huge .square above. What is drawn here 
is therefore c(‘rtainly less than what exists, Foi the galaxies w^ould be much 
nearer to each oth(*r than the picture shows, and they would continue far be- 
yond its confines. . . . 


1 cm. in picture - 10 "'' cm. about 100 million light-years. 


Scale - 1:1 0-*» 62 - 


O n this page there might luive been pnt a drawing 27 to continue the 
series, representiiig what would be seen if we could takt* up a point of 
observation 10 tiiiK^s farther dway and thus reduci' the h’ugths of #2() to 
one-tenth. But we have not attempted it for more reasons than one. 'Fo 
begin w’ith, it would hv (|uite impossible to draw' the galaxies and clusters 
of galaxies small enough and near (mough to ('ach other. But also, the 
limits of what is supposed to be iIk* curved space of our universe would 
be w'ithin that 27th stpiare, and there* would be no possibility at all of 
portraying or even visualizing the “(iirvature of space',” w hich would be* 
the determining facte)r there. 

Henv far the countless millions e)f iinive-rse's would continue in this 
picture 27, if we atte'inpteel to draw it, is not known. All tlu'se woilds st'e'in 
to be rushing aw’ay from a center sennewvlu're*, and theiefon* from (*ach 
other, and their speeds seem to increase the farther thew have proceede'd 
on their w'ays. 

As all this is still so vague and uncertain, w^e* end our imaginary journe'v 
into these infinite (’xpanses of space and turn back, to go through all tlu* 
stages \VK^ passed on our flight upw’ard. W’e would advise vou. reader*, tt) 
concentrate your thought on this return journey . Try to picture how' what 
you s(‘e in front of vou would extend and extend as yoii camc' down . . . , 
how the small central s((uare would grow% until it was tin* si/(' of th(' 
large square on the pr(‘vious page; how^ the small sciuart* on that [)ag(* 
would in its turn extend as vou dropp(*d down and down. ... It is cl(*ar 
that on this return journev the height from which we viewv th(* panoiama 
each time decreases tenfold from station to station. Wh(‘n we hav(* re- 
turned to the original picture of the little girl in h(T chair, which wa* 
reproduce again on the right, the height of our point of ob.suTvation has 
once more become only 5 nK*t(‘rs, and when w(' go on in the same* w'ay 
to the next picture, it will b(‘ one tenth of this, that is, only 50 c('ntim(‘t(Ts. 

We sliall find, when w'e continue our exploration in the saau* way', that 
on this leg of our journey w(* can go through only half the nurnlxT of 
stages that we passed on the first: we shall rc'ach the unknown alrt'ady 
after 13 of them, whereas in the journey up w(* eountc'd just twici' that 
number, 2b. But who will say what w'ond(*rs arc' hidden lu'vond the limits 
628 of man s inv(»stigalions of today? 



1 . \V(' said before tli.it tlie reason why we took as tlie initial picture this little 
girl with her eat was that we wanted to find out in how mam ol the total 
number of domains ol scale living creatures are known to occur. We have 
found them .so far only in pic tures i. 2, and 3. Now wx* shall c'ontinue to look 
lor repr(\sent.itives of the living world in all sneeecdmg scales, bather strange 
coincideners will occui in the following pi tnrc's: nnexpec'ted things coming 
together on the hand ol this ehildl W'e feel jiistifu'd, however, in bringing 
thimi together, as this helps us to compare their si/c's. In this and all the re- 
maining pictures, of course, the small sipiare in the center encloses what is to 
be lound in the next picture, rather than in the preceding one as in the first 
series; and the tinv scpiare (beginning w'ith #0) shows the area of the .second 
following picture. 

1 cm. in picture -- 10 cm. in actuality. 


Scale 1:10 629 


\J • I he living cieaturc |)ortra\e(l in this di ivMiig is a nK)s(|mln to he (\,ict an 
anopheles, or malaria moscpiito We can see this from the wav it sticks up Us 
hind legs This is the first stnnge coincidencf , foi fioin the fust senes of pictures 
we know that it was in December that the scene occuiied and this insect is 
rathcT rare in Holland m winter We notice tlial t}i(r(‘ is a little cut m tlu girl’s 
finger Right in the center of the tmv sc^uait in the middle is a minute white 
spot It is a gram of salt which stuck to the girl's hand having been left there, 
we may .issuine, after she ite lier lunch As it is not ( \aclK the thing we would 
most expect to find there, it will he evident that there is a special reason for 
c hoosing It That leason will appear latei 


6^0 1 cm in picture 1 cm m actuality 
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1 • Wo lia\o now corno down to cohIjitkIoin al)o\o llio hand, and with 
a nia<4nifving ulass wc can distnii^msh the moo\es in its skin On it we notice 
some sin.ill ni i];anisins (i) watd nntos and hactoiia Th(\ ^ot thoio, prohabh, 
will'll tlio i^irl put hoi h.ind in the waloi ol a ditch noailn In the rii;ht-hand 
hotloin c 01 1101 insido tho (piaitoi ciido tiuio is a hactoriiim which howTsor is 
so small that wo can't sc'o it In tho cut wo e a section of the epicicimis In a 
rcsil cut in a finite i not all tlio detail shown here could he distinguished, hut it 
is intoH'Sting to include it I he* m.daiia inoscjinto is tloarlv Msihlo its largo 
c'cmipoiind esc's (2), feelc’is (^), and jaws (4), also its proboscis {5), with 
which It IS bus) stinging the jiooi child Wo see the f]o\iblo sheath (6) bent in 
4 ciiive as it touches the skin 


1 cm m picture - 0 1 cm 10 ^ cm. 1 mm. 


Scale — 10 1 iEnlarged 10 times) 



2* lo s(( this picture taken from i height of oiil) 5 niillimcttis vn( slioulcl 
need a inicroscope Again there is a nicmbei f>f the animil kiiigeloin visible' 
one of the water mites vve saw on the presioiis drnving a c\ clops (1) I his 
IS again not the' most like !v thing tei happen that it would he thus comfort iblv 
with its feelers over the eelge e)f the cut in the girl’s fingei but it could happen* 
In the section of the skin we nolie'c the hoinv kc'ratin liver (2) on top Under 
it IS the Malpighi in liver (3) with its numerous cells anel the onhee of i sweat 
duct (4) Under that lies the coiium (5) with its nerve papillae (6) small 
blood vessels (7) and fat cells (8) W’c see how the mose^uito's preiboscis 
(9) sticks into the skin In the smaller of the two quarter circle's in the right- 
hand bottom eoincr we can neiw just s e the bacterium ( 10) 


632 ^ cni 'n picture 0 01 cm “ 10 “ cm 


Scaler 100 1 10 



3 * lilt* fulfill fniin \N litre \\v iie suppose tl lo In looking has now httn re 
clucttl to 05 niilliuKtds 01 >500 muions 1 his is the last domain of scale in 
which an impicssion ot toloi can he ejotten In the human (\e The livine; erta 
tines heie ire hactina We see some on the twirls hand eolon huilli (1) and 
diphtheria bacte na (2) tube lele bacilli { )) and pneumonia bacteiia (4) The 
baeteimm in the inset m the lowti n^ht tori r can now be rt'C oi;ni/e'd as a 
typhoid bacillus (5) such is hum ms mas ‘earn ’ unknow ini»l\ foi a lonjr time 
Its Hanella (In which it mo\es) ait cleaib shown We shall magnifs it sepa- 
latelv in an inset at the same plact 111 the following pictures This means that 
what IS shown in tht small (juaitei tiitle will each time bt magnihtcl 10 times, 
so.that it will fit into the lai t;e tjuaitc'r t ircle in the next pic tine 


1 cm in picture _ 10 ’ cm 
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4 * 'Jlie elrc tron iniaoscojK' helps ns to ^et tui 1(1 (m ot the slMp(‘s of soioe of 
tlie living creatures. We see a (iiphlheiia bacillus (i) iiikI a colon bacillus 
(2), which itself is being attacked by bacleriophag(‘s (3), as well as a smallpox 
virus (4). We see how kcTatin of tlie skin is curling up (5) Indore falling off. 
Some gold leaf (fi) Kit on the girls hand, possibly from book binding, dernon- 
stiates its exticmc thinne.ss; in fact tfiis gold leaf is so thin thitt you could use 
it to cut a bacterium, such as is depicted near it, in two, if only sou could hit 
it. The visible* ra\s from the sun are svinbolically repiesfMited by two sinusoids 
f weaves) with the w'avc lengths of red (y) and violet (8) light. The inset shows 
the typhoid bacillus (9) with its flagella (10). The salt (TVStaKs height on this 
scale would be 5 meters. 


1 cm. in picture - 10'^ cm. rr 1 micron 
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On the nppd l.uei oi kiiatin M) i ninnher of \mists h' ciowded to- 
ptthcr, as tli( \ often a(.tnalls div on the skin One of tlit kiit^ei ones is sinall- 
poK (2) \ bat teiiophage i of niedinin si/« as we saw in the presinns draw- 
ing IS shown heie veiv distnutls from in eUctron-inuioscopic olisenation — 
]nst to gi\e Its si/e and shape foi it would not be likeb to he h(i^ In itself ^ 
Many molecules tonld be shown on this si ale some staiih molecules (4) art 
drawn The inset shows the lulual stiuttnie of the flagellum (5) as seen in 
the election microscope I lu llagillum clt.iiK is composed of thiee strands 
"omul into what looks like a loid Magnifiiation is htie 100000 times about 
fhe ma\imum that (‘an be le.ulu'd with tlu' electron micioscopc The height of 
fh(^ salt ciystal on tins scale would be 50 meters 




1 cm in picture 10 cm 0 1 micron 
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fore can no longer give us clear images, for at most it can niagnily 100,000 
times. A more schematic image is therefore unavoidable, that is, a diagram 
rather than a photographic enlargement. Yet w(‘ know thal theie would still be 
living creatures. We .shf)w the infantile paralysis virus (1), already visible in 
—5, and one of hoof and mouth disease ( 2 ). 'Fhe latter is abiiul the smallest 
now known. Apart from the viruses shown there exist several with shapes 
sharply different from these wholly or nearly spherieal forms. The sinusoid 
(3) shown is of an ultraviolet ray. The dots in the upper It'ft quadrant indi- 
cate molecules of the air. The inset has the flagellum composed of three strands 
as already shown in —5. The height of the salt crystal on this scale would be 
500 meders. 

636 1 cm. in picture = 10’® cm. — 0.01 micron 
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/ • .ition Iieic IS t( II niillion (inu s ami tlu slimtiiK' of tlu siltcisstal 

t.in 1)0 shoNMi DistaiKt's Inlwccn tho suctl^^l\c Incis ol (i) and 

tliloiino (2) atoms m tlu lattKO of the (ustal *iie kno\MJ tlioiinh its heiirht 
would be 5 kilometcis on this scale lo tlu hit oxMjen ) md mtioiien (4) 
mohciih'S aie inoMii^ about .is an .it .i\ciap;t distant ts mduatcdi Nitio^in 
inoIe( nh s aie moie th.in ^ tinu s as mum ions .0 wt^en In the inset i schematic 
sketch IS gi\en ol jiist one strand ol tlu fligellniii and c \ i n so onU tlu h\dromn 
atoms on the neai side aie indicated Otheiwise the upHsmtation would lie- 
coine unintelligible as the other atoms behind tlu m an not placid in leciilar 
row^ as thc\ ai(‘ in the salt <i\st.il Total width ol the pi olein molecule includ- 
ing the .imino ae ids which aie bound to the strand is indu iti'd ( 


1 cm m picture 10 cm 0 001 micron 
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dicated The shading here and in later pictures has only a svinholic value a 
darker grav ouIn means that the piohaliililv is guatei that an cltttiou will In 
found there than in a plate that is moie lightlv shaded As to the oxygen mole- 
cules (3) moving 111 the an, their aviiage speed at a Umpcialiiie of 10'’ 
Centigiade ( - 50® Fahrenheit) would 1 h* 470 meteis ptr second ( 1,000 milts 

per hour) in reahts In the image that speed would be 10^ times greatei, 
that IS, more than loo times the speed of light! In the inset the helical structujt 
of the flagellum which could be recogni/ed in -7 can no longer be seen, as 
again only hydrogen atoms arc indicated, and all other atoms behind them 
(oxvgen, carbon, and nitrogen) are left out In the coniei is one-<piaiter of a 
hydrogen atom 

638 1 cm in picture - 10 ** cm rr lA ^angstrom unit) 
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^ • Again in this pictuu’ claikiH*ss ol tone denotes the piohah’hty that an elec- 
tron will 1 )(‘ found in a certain place. As the sodium atom is here drawn at a lo 
times larger scale, the area tlepicted in it is only i looth that of #— 8. The 
prohahility that an election will be found there will he that much smaller and 
the shading in eonsecpience is made light<T. I'he same holds for the hydrogen 
atom in the inset. The nucleus of the soilium aiom is in the center. Its size on 
this scale is only 7 microns. Twelve electrons are whirling around this nucleus 
at speeds of about 1,000 kilonu’ters per sec'ond in reality, or a thousand mil- 
*ion times more on this imaginetl magnified image. The sinusoid draw'u shows 
the wave length of the finest X ray.s on this scale. In the inset a cpiarter of a In - 
drcigen atom is visible. 


1 cm. in picture 10 “ cm. -- 0.1 A 
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IW It will })( noticed that tlie tone that s\mhoh/ts the probable pustiue 
of an electron is again a lighter gray than lh.it of the previous drawing bt cause 
the actual aica depicted in the scjuarc is hue again reduced to i loolh The 
sinusoid toniing from the lett shows the w ive length of .i tvpk.il gainrni ia\ 
(wave length here 5 millimeters) such as is emitted from a raebum-dial vsatch 
The girl of picture 1 would on this scale have a length of about 15 millieni 
kilometers’ The salt cr)slal would now be moie than },ooo kiloioe te is high I he 
sodium nucleus would be 00^33 inillimeteM, the hydiogen nu(‘lcus (a proton) 
001 millimeter 


640 ’ cm m picture — 10 cm 0 01 A 
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Iron) the* outside in -H luul we an* still in the seeuiin42;l\ i*iidh‘ss emptiness of 
the inside. The eh.ine(‘ of our ini'ctiiig an electron has again hecoine a hundred 
times smaller, dhe color in eonsecjueiice is again a lighter grav. The wave length 
of the gamma ra\ lias increased to 5 centimeters. The grain of salt which was 
only half a millimeter when we saw it in actual size on the giiTs hand has now 
hecome an unthinkably huge cube with sides ol more than 50,000 kilometers. 
The nucleus of the .sodium atom is 0.7 millimeters and of hydrogen 0.2 milli- 
meters. 


1 cm. in picture 10 “ cm. -- 0.001 A 
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'I JL, Now the nucleus of sodium has become of appreciable size, and also in 
the inset the nucleus of the hsdrogeii atom (a proton) is clearlv “visible.” As 
was pointed out in -4, there is no question of the objects themselves being 
"visible,” as we are dealing here with dimensions which are a bundled million 
times smaller than the wave lengths of light. Light functioned ouly up to that 
drawing. So did color, which could plav an appreciable role in onlv 14 domains 
of scale ( #10 to -3) ; 1 1 to 26 could give no more than white spots on a black 
background. 
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13 111 this final pictuie \vc see the luiclnis ol the soiliuni atom. We cannot 

even guess how the 12 piotons and 11 neutrons in it are placed. This nucleus 
IS not painted an (‘ven giay, its edge is of a somewhat lighter tone which gradu- 
ally merges into the darker hue in the center The meaning of this difference of 
tone is again diffc'rent from tliat in drawings -7 to -11. Here a darker gras 
denotes gi eater densils of electric charge. As n new' element there is a gamma 
ray, full of astonishingly penetrating pow’cr. coming in from the left Its wa\e 
length is only a millionth of an angstrom unit, w'hieh itself is a hundred mil- 
lionth of a centimelei ! Looking back on the whole series of 40 pictures we find 
that in only 10 of them (3 to 6) is life known to exist. In other .scales theio 
ma\ , howeyer, be foims of life we do not yet know’. 
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XA.nd so our joiiruty ends at the nucleus of the atom, that mysterious, 
utterly small, and incredibly powerful center ot energy which only re- 
cently has unveiled some of its mighty secrets to mankind. WhcTeas at 
the end of our first journey we stood in aw(‘ betore th(‘ imposing great- 
ness of the dimensions of the universe, and felt as nothing in compaiison 
to their immensity, the amditions are now completely difh'rent. True, we 
feel as much awe and revereiu e when w(‘ attempt to think of th(> iniiMcles 
of dynamic power that are hidden in tliese domains of the smallc'st (Exist- 
ing entities, but our own dimensions are now indescriba})ly colossal com- 
pared with what we see. 

Thus on the scale of the last drawing, the iK^iglit of the little giil would 
be al)oiit 15,000 million kilometers, that is, more than th(^ diametcT of the 
solar system! If we add the thought that man is beginning to control and 
use these limitless nuclear powers, it is cl(‘ar that unthinkable' possibilities 
are within his reach. Wlnm we thus think in cosmic terms, we kmIi/c that 
man, if he is to become /eally Innnan, must comliine in his being the 
greatest humility with the most careful and considerate use of tlu^ cosmic 
powers that are at his disposal. 

The problem, however, is that primitive man at first lends to us(* tlu’ 
power put in his hands for himsell, instead of s|)ending his eiuags and 
life for the g(K)d of the whole grossing human famil), which lias to live 
together in the limited space of our plan(‘l. It tluTidorc' is a mattcT of life 
and death for the whole of mankind that wt' l(‘arn to live' tog(‘ther, caring 
for each other regardless of birth or upbringing. No differt'iu'e of nation- 
ality, of race, creed, or conviction, age or sex may weaki'ii our effort as 
human beings to live and work for the good of all. 

It is therefore an urgent need that we all, clhldrcai tind grown ups alike, 
b(* educati‘d in this spirit and toward this goal. Learning tO live togc'ther 
in mutual respect and witli the definih' aim to furth(*r the ha])pin(*ss of 
all, without privilege for any, is a clear duty for mankind, and it is imp(*ra- 
tive that education .shall be brought onto this plane. 

In this education the development of a cosmic view is an important and 
neccs.sary element; and to develop sUcli a wide, all-emhracing view, the 
expedition y/v have made in thes(‘ ''forty jumps through tlie universe’' may 
644 help jnst a little. If so, let ns hope tliat many will make it! 



